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In previous papers (Gellhorn, 1930-1931) it has been found that fatigue 
in striated frog’s muscles can be delayed considerably by immersing them 
in a Ringer’s solution with a calcium chloride concentration higher than 
normal. The experiments seemed to indicate that fatigue is accompanied 
by an increase in permeability and can be remedied to a certain extent 
by an excess of calcium ions. Whereas, in the investigations cited above 
the fatigue was brought about by direct stimulation of muscles with con- 
denser discharges, the present paper deals with indirect stimulation. The 
questions to be answered are: 1. Do the experiments support the supposi- 
tion that physiological stimulation also leads to an increase in permeability? 
2. If so, do qualitative or quantitative differences exist in the permeability 
of directly and indirectly stimulated muscles which might be revealed in 
studies of ion effects in fatigued muscles? 

The method was essentially the same as was used in the previous work. 
The nerve-muscle preparation (Rana esculenta) was set up in ordinary 
fashion and the nerve was stimulated with condenser discharges by means 
of the apparatus of Scheminsky. To avoid the shock due to the prepara- 
tion, experiments were begun after the muscle had been immersed for 45 
minutes in Ringer’s solution. The frequency of stimulation varied in 
different experrments between 60 and 80 discharges per minute. The 
calcium chloride content of Ringer’s solution (control experiment) was 
8.1 M X 10-4, that of the other solution varied between 32.4 M X 10-‘ 
and 81 M X 10-*. It was found that 81 M xX 10-* CaCl, exerted an 
unfavorable influence on the nerve muscle preparation so that the height 
of contraction was less than in the control experiment. Therefore smaller 


1 Aided by a grant of the National Research Council and the research fund of the 
University of Oregon. 
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concentrations, in most experiments 32.4 M X 10-* CaCl, were used. It 
was found that the time of immersion before the stimulation started had a 
considerable influence on the efficiency of calcium. If the stimulation 
began almost immediately after the muscle had been set up, the effect of 
the B solution? was only slightly more favorable than that of the A solu- 
tion. But if the muscles were immersed for 10 or 15 minutes in their re- 
spective solutions before stimulation was applied, the differences were more 
marked. Therefore all experiments described in this paper were arranged 
inthat manner. In figure 1 a typical example is reproduced. It is evident 
that in the beginning of the experiments the curves of the two muscles 
are almost the same, but in the latter part, when fatigue becomes more 
marked, the B muscle shows a lesser degree of fatigue. 

A number of experiments are reproduced in figure 2 in which the height 
of contraction of the A muscle is taken as 100 throughout the whole 
experiment and that of the B muscle is calculated in percentages of the 
first. The result is that up to the fifth or sixth minute, only slight differ- 
ences if any are observed, but thereafter all the curves rise, indicating that 
the height of contraction in the B muscle decreases much less than that of 
the A muscle. At the end of the tenth minute the differences amount to 
more than 100 per cent in most cases. 

The chief difference in comparison with directly stimulated muscles lies 
in the fact that in the experiments described in this paper, distinct results 
were obtained only if the solutions had affected the muscles for at least ten 
minutes, whereas in experiments reported previously characteristic results 
were also obtained if the stimulation was begun immediately after the 
muscles had been immersed in their respective solutions. It is probable 
that this difference is not due to the method of stimulation but to the 
structure of the muscle since in the previous work the sartorius and in the 
present studies the gastrocnemius was used. But there seems to be a 
quantitative difference in both groups. Although the effect of the B 
solution is considerable as illustrated in figures 1 and 2, it is less than in 
experiments with direct stimulation. This seems to indicate that direct 
stimulation leads to a greater increase in permeability of the muscle, 
which is remedied by calcium chloride, than physiological stimulation 
through the nerve. The fact, however, that under these circumstances a 
distinctly favorable effect of calcium chloride (delaying fatigue) is also 
observed, although the solution does not alter the irritability, shows that 
the stimulation of the nerve leads to an increase in permeability of the 
muscle and confirms the conclusion drawn in a recent paper of Gellhorn 
and Northup. Our findings perfectly agree with experiments of Toda 
(1930) who also found that calcium delays fatigue. 


2 For the sake of brevity the solution with the higher CaCl, content is referred to 
as B, the normal Ringer’s solution as A solution. 
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Further experiments in analogy with our previous work dealt with the 


question of whether calcium in its effect of delaying fatigue can be re- 
placed by other bivalent cations. The problem was studied in two groups 
of experiments. In the first different bivalent cations were employed 
instead of calcium whereas in the second group they were added to 

solution containing CaCl. in a concentration equal to that of Ringer's 
solution. Experiments were performed with SrCl., BaCl, and Me 

In the first group the B solution contained either 32.4 M X 10-* SrCl, or 
BaCl, or MgCls, CaCl, being ent.rely absent. The results are as follows: 
In no experiment was a favorable effect of those solutions observed, i.e., 


Fig. 1 Fig. 3 


Fig. 1. Nerve-muscle preparations. (Rana esculenta.) Maximal condenser dis- 
charges 72 times per minute. Indirect stimulation. Muscle I immersed in Ringer's 
solution with 8.1 M X 10-4; CaCl.; muscle II in Ringer’s with 32.4 M x 10-* CaCl 
Time in minutes. 

Fig. 3. I—Muscle immersed in Ringer’s with 8.1 M x 107* CaCl 
immersed in Ringer’s without CaCl, + 32.4 M BaCl.. 


II—Muscle 


the fatigue was not delayed in comparison with the course of fatigue ob- 
served in Ringer’s. In the experiments with SrCl, and in some with BaCl, 
the muscles even showed a slightly greater fatigue than in Ringer’s solu- 
tion. MgCl. seemed to have no effect whatever on the muscle in the 
concentrations used in these experiments. A rather interesting observa- 
tion made in experiments with BaCl, may be illustrated in figure 3. The 
curve shows a distinct decrease in the relaxation of the muscle which dis- 
appears more or less completely during the course of the experiment. In 
some observations this contracture effect was less. It reminds one of 
observations made on sartorius muscle when directly stimulated and 
immersed in a solution with high CaCl. coneentration (Gellhorn, 1931 
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One seems to be dealing here with a phenomenon characteristic of the 
group of alkali earths. It occurs if by direct or indirect stimulation the 
permeability of the cell has been sufficiently increased, or if in un-stimu- 
lated muscles very high concentrations (isotonic!) of bivalent salts (Guen- 
ther, 1905) are used. 

Concerning the efficiency of bivalent salts other than calcium, in delay- 
ing fatigue, the results are negative, indicating a complete conformity 
with our previous work on directly stimulated muscles. The calcium 
effect of delaying fatigue is a specific one. But in the presence of calcium 
in a concentration of 8.1 M x 10-4 an addition of other bivalent cations 
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Minutes 
Fig. 2. The height of contraction of muscles immersed in Ringer’s with 32.4 M X 
10-* CaCl, expressed as percentage of the height of contraction of the control 
muscle (Ringer’s with 8.1 M CaCl.). 


is effective although this delay in fatigue is generally less than in a calcium- 
rich solution. 


SUMMARY 


Experiments on nerve muscle preparations of Rana esculenta with indirect 
stimulation (condenser discharges) show that in a Ringer solution containing 
an excess of calcium chloride fatigue is delayed None of the other alkali 
earths can replace calcium with the exception that if added to the ordinary 
calcium content of Ringer’s solution, Sr, Mg, and Ba also delay fatigue, 
in a lesser degree, however, than calcium. BaCl, causes a contracture 
of stimulated muscles in very low concentrations. This, as well as the 
other facts, seems to indicate that the permeability of the muscle is in- 
creased by indirect stimulation siace the delay of fatigue is obtained in both 


/ 
/ 
Fig. II 
= 
234 &© & 8 


MUSCLE FATIGUE AND PERMEABILITY $51 


directly and indirectly stimulated muscles under the same conditions. 
The nature of the increase in permeability seems to be the same in both 
cases if stimulation with super-maximal currents is avoided. The experi- 
ments furnish a new illustration of the increase in permeability of muscles 


under physiological (nerve) stimulation. 


BIBLIOGRAPHY 


GELLHORN, E. 1930. Contributions to marine biology, p. 115, Stanford Uni 


Press. 
1931. Biol. Bull., Ix, 382. 
GELLHORN, E. and D. Nortuvup. 1932. This Journal, 1 


GUENTHER, A. E. 1905. This Journal, xiv, 73. 
Tova, K. 1930. Pfliiger’s Arch., ccxxiv, 403. 


‘ 


ION EFFECTS ON MUSCULAR FATIGUE AND THEIR INDE- 
PENDENCE OF CHANGES IN THE METABOLISM 
OF MUSCLES! 
ERNST GELLHORN 
WITH THE ASSISTANCE OF SEIEI INAMINE 


From the Department of Animal Biology of the University of Oregon 
Received for publication February 15, 1932 


In a preceding paper (Gellhorn, 1932) it has been shown that a close 
resemblance exists between the ion effects of directly and indirectly stimu- 
lated muscles. The conclusion was drawn that the changes in permeability 
set up by direct stimulation are identical with those observed in experi- 
ments with indirect stimulation provided that supramaximal currents are 


not used. 

The present paper has two different purposes: to examine 1, whether 
the typical ion effects observed in muscles which work on an isotonic lever 
also hold for isometric contractions; 2, whether the ion effects are altered 


when the metabolism of the muscle undergoes considerable changes. For 
the latter purpose the muscles were examined either in a well oxygenated 
Ringer’s solution or in the presence of M/1,000 KCN which suppresses the 
utilization of oxygen. In a third group of experiments the muscles were 
previously poisoned with monobromoacetic acid, which according to 
Lundsgaard (1930) and others suppresses the formation of lactic acid during 
muscular activity. 

Metuop. Nerve muscle preparations of Rana esculenta were used dur- 
ing October and December 1931 and were stimulated with interrupted, 
just maximal, faradie currents (Harvard induction coil with one dry cell in 
the primary circuit). The tension was recorded by means of an isometric 
lever (Palmer, London). The nerves of the two nerve muscle prepara- 
tions of the same frog were placed in series in the secondary circuit so that 
periods of stimulation and rest were identical. After setting up the 
muscles in Ringer’s solution and placing the nerves over platinum electrodes 
in a moist chamber above the solution, the preparations were allowed to 
rest for 10 minutes. Hereafter stimulation began. Two records were 
taken in Ringer’s solution and then one Ringer’s solution was replaced by 
another containing a higher CaCl. content. In order to make the pro- 

1 Aided by the National Research Council and the Research Fund of the University 
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cedure as equal as possible the Ringer’s solution of the other (control 
muscle was exchanged for a fresh Ringer’s solution. Time of stimulation 
varied between 5 and 30 seconds, the intervals between stimulation 
periods were mostly 5 minutes, in some experiments 2 minutes. Control 
experiments showed that the method was accurate to an amazing degree. 
In figure 1 a few records are reproduced which show that the maximal 
differences between the curves indicating the maximum tension in a num- 

300+ 


SeCha 
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Mg Cle 
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Balls Calls 


Fig. 1. The two upper curves represent the tension maxima and the lower curves 
the tension minima of a pair of gastrocnemii which were stimulated indirectly for 20 
seconds at intervals of 5 minutes in Ringer’s solution. Ordinate: tension; abscissa 
number of contractions. 

Fig. 5. Explained in the text. Concentrations of SrCl,, BaCl,, or MgCl, when 
used without CaCl,: 10.5 M x 10-4; but 32.4 M x 10-4 when used with 8.1 M x 10-4 
CaCl. 


ber of isometric contractions is less than 5 per cent. After a few records 
the tensions became identical, which is indicated in figure 1 by one graph 
instead of two. The minima, i.e., the tensions at the end of each stimula- 
tion period, also show a very good agreement and even identical tension 
from the 4th to the 15th record (lowest curve of fig. 1). The method used 
in the experiments described in this paper seems to be almost ideal for the 
study of substances which may affect the course of muscle fatigue. Differ- 
ences of even less than 10 per cent are absolutely significant! 
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Resutts. I. The calcium effect in delaying fatigue in reference to the 
metabolism of muscle. A number of experiments were performed in which 
the influence of a higher CaCl, concentration of Ringer’s solution was stu- 
died. Regularly fatigue was delayed as indicated in figure 2 when the 
calcium effect was studied in oxygenated solution (11 experiments). It 
was also determined in muscles which worked under anaerobic conditions. 
For this purpose the solutions contained M/1,000 KCN and no oxygena- 
tion was used. An example is reproduced in figure 3 which shows the 
rapid drop in the height of contractions in the control (Ringer) muscle 
while the “calcium-muscle”’’ maintains the greater part of the original 
tension throughout the whole experiment. From these two groups of 


ams 
250 250 


200 


0 


Fig. 2. The first two contractions in oxygenated Ringer’s solution, thereafter one 
muscle (- —) in the same solution (CaCl, content 8.1 M X 10-‘), the other 
muscle ( ) immersed in Ringer’s with 40.5 M X 10-4 CaCl. 

Fig. 3. Experiment in the presence of M/1,000 KCN. Designations as in figure 2. 


experiments it may be concluded that the calcium effect is independent 
of the oxydative recovery process since it occurs in muscles which are 
supplied with oxygen as well as in muscles which on account of the poison- 
ous effect of KCN cannot utilize oxygen. 

In 1930 Lundsgaard showed that muscles which were previously poi- 
soned with monoiodoacetic acid or other halogen substitutes of acetic acid 
do not produce lactic acid during contraction but are able to contract and 
to develop tension for a certain length of time before rigor occurs. The 
only source of energy is phosphagen under these conditions. Although 
Meyerhof (1931) seems to succeed in reconciling his and A. V. Hill’s (1926) 
ideas concerning the energy changes in muscle with these new findings, it 
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cannot be doubted that the whole metabolism of the muscle in its anaero- 
bic part is greatly altered. Therefore the poisoning of the muscles with 
halogen substitutes of acetic acid seemed to be an appropriate procedure 
to decide the question of whether the calcium effect is dependent on certain 
phases of the metabolism of muscle or not. The method of Wright (1931) 
was used. The preparations were placed in Ringer solution containing 
0.05 or 0.1 per cent monobromoacetic acid for 30 minutes at 14°. Accord- 
ing to Wright the formation of lactic acid is thus completely interrupted. 
Eleven experiments were performed in this fashion and showed consistently 
that a strong calcium effect in delaying fatigue also occurs under these 
conditions. One example is reproduced in figure 4. This curve showed 
several other interesting data besides the marked difference in the tension 
maxima. Both muscles show a very gradual increase in contracture which 
amounts to about 40 grams tension at the end of the experiment. No 
significant d‘fferences in the development of this contracture, which is, of 
course, due to the action of monobromoacetic acid, were observed in 
“Ringer” and in “‘calcium-Ringer’’ muscles. 

Furthermore the curves also show the “tension minima,” i.e., the tension 
produced at the end of each stimulation period. They agree very closely 
in the beginning of the experiment but later significant differences occur, 
the minima being smaller in the “calcium” muscle than in the control 
muscle. It was frequently observed that an excess of CaCl, added to 
Ringer’s solution brings about smaller minima in spite of the greater max- 
ima which regularly occurred. This means that although calcium im- 
proves recovery and delays fatigue in this way under isotonic and isometric 
conditions it is not favorable to maintaining tension. 

The essential fact proven by these experiments is that the delay of fatigue 
by calcium occurs in muscles independent of whether oxygen consumption 
is allowed or prevented and also independent of the formation of lactic 
acid during contraction. Therefore it is certain that the calcium effect is 
not caused by changes in the recovery process. The question of whether 
the calcium effect has to do with the anaerobic metabolism of muscle ex- 
cept that of lactic acid formation is undecided yet and may be examined 
in another paper. That ion effects change the energy production has been 
shown by Sereni (1925), but this experimental procedure is too different 
from ours to allow any conclusions. Although this aspect of the problem 
is still unsolved, the remarkable independence of the calcium effect of 
changes in muscular metabolism makes it highly probable that at least 
an important part of this effect is purely physico-chemical in nature and is 
restricted to its influence to reduce permeability in fatigued muscle. 

II. The effects of strontium, barium and magnesium in fatigued muscle. 
In a group of experiments the question was examined as to whether Sr, Ba, 
or Mg might be able to replace calcium in its effect of delaying fatigue. 


ION EFFECTS ON MUSCULAR FATIGUE 

All experiments were negative since these ions in concentrations similar 
to those used in the calcium experiments were very harmful to the muscle 
and increased fatigue greatly. But when the chlorides of these ions were 
added to a Ringer solution which contained the same CaCl. concentration 
as the control, they showed a remarkable effect in delaying fatigue. One 
example of each of these groups of experiments is reproduced in figure 5. 
The maximal tension set up in each indirect stimulation of the muscle 
immersed in Ca-free Ringer’s solution +SrCl. or BaClh or MgCl. is ex- 
pressed in percentage of the tension of the corresponding muscle immersed 
in Ringer’s solution. The figure again shows the very close agreement in 
tension set up by two homologous muscles in Ringer’s solution at the 
beginning of the experiment. A distinct fall in tension occurs when this 
solution is exchanged for another one which contains the other alkali 
earths instead of calcium, but an enormous rise of from 100 to 300 per cent 
takes place when these salts are added to ordinary Ringer’s solution. The 
results check very well with those obtained in isotonic contractions with 
direct and indirect stimulation (Gellhorn, 1930-1932) but the differences 
are far greater due to the greater sensitivity of the method employed in the 
present investigations. The experiments justify the conclusion that the 
physico-chemical processes evoked in muscle in direct and indirect stimu- 
lation are the same provided that supramaximal stimuli are avoided. 
This conclusion is in agreement with observations of Hartree (1929) who 
found an identical heat production in directly and indirectly stimulated 
muscles. Therefore the generalization of Winterstein (1931) as to the 
unphysiological nature of direct electric stimulation is to be rejected. 


SUMMARY 


Isometric contractions were recorded in nerve muscle preparations of 
Rana esculenta which were stimulated indirectly by just maximal faradic 
currents until fatigue occurred. Stimulation periods (5-30 sec.) and rest 
periods (2-5 min.) alternated. Under these conditions two homologous 
muscles of the same frog give almost identical tensions. 

A Ringer’s solution containing an excess of calcium delays fatigue 
greatly. This phenomenon is independent of fundamental changes in the 
metabolism of the muscle since it is obtained in oxygenated solutions, in 
the presence of KCN which suppresses the utilization of oxygen, and after 
poisoning with monobromoacetie acid (suppression of lactic acid forma- 
tion). The experiments seem to indicate that the delay in fatigue is 
chiefly due to physico-chemical alterations of the surface layer of muscle 
cells (decrease in permeability) although an influence of calcium on the 
anaerobic phase of muscular metabolism is possible. 

When CaCl, is replaced by equimolar concentrations of either SrCl. or 
BaCl, or MgCl, fatigue is greatly enhanced. But these salts bring about 
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a beneficial effect on the muscle (delay in fatigue) which is comparable to 
the calcium effect described above when they are added to an ordinary 
Ringer’s solution containing 8.1 M x 10~*CaClbe. 
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The phenomena which are as a group referred to as vagal cardio- 
inhibition offer typical examples of summation of effect of nerve impulses. 
We have selected one aspect of the vagal cardio-inhibitory complex for 
quantitative study. This aspect, the negative inotropic effect (depression 
of strength of contraction) on the atrium may usually be observed following 
the application of a single stimulating shock to the vagus nerve in the 
neck. The reduction in strength of the atrial beat following such a single 
agus volley does not appear immediately in its fullest extent but continues 
to increase over a period of several beats, attains a maximum, and then 
gradually subsides. The intensity of the effects at any time and the dif- 
ferences which appear when shocks of various strengths are used may be 
studied from measurement of kymograph records. Such records usually 
show a slight amount of atrial depression in consequence of a weak shock 
and a much greater depression resulting from the effects of a stronger shock. 

Now, according to the all-or-none concept, an increase in amount of 
cardiac effect due to an increase in the strength of a single shock applied to 
the nerve can only mean that more nerve fibers have been stimulated by 
the stronger shock. Thus, the amount of atrial depression is related to 
the number of nerve fibers which have been made active. In so far as the 
nerve response is concerned, the limits of this change of effect must be 
determined by the threshold shock strengths necessary for stimulation of 
the most irritable nerve fiber and of the least irritable nerve fiber respec- 
tively in that nerve bundle supplying the organ under observation. With 
respect to the response in the heart, the least effect to be observed will 
depend largely upon the sensitivity of the method used for recording, 
whereas the maximal effect produced will be that developed by the simul- 
taneous activity of all the fibers in the nerve bundle. Such a consideration 
presents the implication that, in an organ showing the typical phenomena 
of summation of nerve impulses, the total amount of effect produced should 
depend upon the number of nerve fibers active during a certain period of 

1The author wishes to express his thanks to Dr. Frank Urban for assistance in 
the mathematical analysis of the experimental material. 
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time. The same total effect would then be produced whether many nerve 
fibers were stimulated a few times or a few fibers were stimulated many 
times. The maximal effect of several nerve volleys or the intensity of the 
effect at any time should depend upon the number of fibers active in each 
volley, the number of volleys discharged in a unit of time, and the time 
course of the effect produced by a single volley. 

It was found that, with a given preparation, if the figures obtained from 
a series of records were plotted on a cartesian coérdinate system, the per- 
centage amount of atrial depression being plotted on the ordinate and time 
on the abscissa, curves of a regular form could be obtained. The curves 
from different records might show maximal depression values of different 
amounts, but the time values of the curves were surprisingly constant. 
That is, although the percentage depression in height of the atrial contrac- 
tion record following the application of a weak shock to the vagus might 
be much less than that following a strong shock, the time to maximal de- 
pression and the time course of the recovery process were, respectively, 
almost identical in the two records. The use of such curves offered a 
means of studying summation phenomena as they are expressed in vagal 
cardio-inhibition. The material presented below is a report of the results 
obtained from certain experiments on the vagal inotropic effect on the 
turtle atrium. It is based on a study of records in which stimulation of 
the vagus did not produce significant changes in the spontaneous rhythm 
of the heart. 

MATERIAL AND METHODS. The effect of stimulation of vagus cardio- 
inhibitory fibers varies somewhat with the seasons of the year. At a 
given time, however, turtles from the same lot show considerable regularity 
of response. This is particularly true of the atrial inotropic effect (depres- 
sion of contraction) which results from application of single shocks to the 
vagus nerve in the neck. 

Turtles, usually eight inch specimens of Pseudemys elegans, were used. 
Other species gave similar results. In preparing for an experiment, the 
brain of the turtle was pithed, the turtle fixed on a board, plastron removed, 
fore legs removed, vagi exposed, dissected free from the artery and sur- 
rounding tissue, and cut high in the neck, sympathetic nerve on each side 
cut near its junction with the vagus, pericardial chamber opened widely, 
ventricle cut away, and a light spring lever attached to one auricle by a 
light wire pinzette. In most of the experiments the total tension of the 
lever during diastasis corresponded to that exerted by a weight of about 
one and a half grams. A maximum of half a gram additional tension was 
required to draw the lever down to the position occupied at the peak of 
atrial systole. In all the records reproduced, contraction of the atrium 
was represented by a downward movement of the writing lever. Magnifi- 
cation of movement due to leverage was about five times: Stimulation 
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of the nerve was accomplished by laying the nerve on silver wire or silver 
chloride electrodes and subjecting the nerve to a shock produced by the 
charging of a condenser. Records made by use of the cathode ray oscil- 
lograph with adequate amplifying and spreading devices showed that with 
the shock forms and strengths used, a single shock resulted in only a single 
volley of impulses being sent along the nerve. Repetitive stimulation of 
the nerve occurred therefore only when the key was repeatedly opened 
and closed. 

Stimulation of the left vagus usually produces less change in the rate of 
the turtle heart than does stimulation of the right vagus (see Garrey, 1911 
Therefore, in order to insure records showing inotropic changes with no 
rate changes (chronotropic effects), the left vagus and left atrium were 
usually used. Such a procedure is, however, essentially one of convenience, 
giving an increased available range of shock strength. With shocks of 
short duration, it is usually possible to obtain pure inotropic effects in the 
turtle heart with weak stimulation of the right vagus just as it is also gen- 
erally possible to slow or stop the heart with sufficient (usually repeated 
stimulation of the left vagus. 

Kymograph records were made and were measured either directly or 
by projection giving magnification of about five times. The records 
showed a maximum of excursion of the writing point of about 20 mm. 

EXPERIMENTAL FINDINGS. a. The time course of the inotropic depression 
following a single stimulation of the vagus nerve. It was recognised by 
earlier workers in the field that a single shock applied to the vagus does not 
produce its maximum inotropic effect immediately after the completion 
of a period of latency, but only after one or several heart beats have oc- 
curred (see fig. 2). The time to maximum depression in a given prepara- 
tion under constant conditions is quite constant as is also the curve of 
recovery following the attainment of that maximum. After a preparation 
has been under observation for some time, the recovery process tends to 
become slower, but at any time a change in effective strength of the vagus 
stimulation will result in increased or decreased inotropic effect without 
markedly changing the time functions of the curve. Records taken at a 
drum speed of about 20 mm. per second were measured and showed that 
the curve of depression plotted against time begins to rise slowly. The 
slope then increases but attains a maximum only several tenths of a second 
after its start (fig. 1, curve 2). This result was invariable and therefore 
puts the curves outside the family which may be represented by the 
general equation 


= 
m 


A curve of this form is plotted as curve 3 of figure 1. 
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In the light of the various chemical theories of inhibition which have 
been brought forward, it seemed not unreasonable to try to fit the curves 
plotted from our records to calculated curves obtained as a result of the 
following argument. Suppose the immediate peripheral effect of a single 
nerve fiber impulse to be the liberation of an inhibitory substance in con- 
centration n. To produce its depressant effect this material must be dif- 
fused through a distance z. Moreover, since the recovery of the heart 
from depression is rather prompt, suppose the material to be destroyed at a 
rate proportional to its concentration. 
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Fig. 1. Curves plotted from the three equations presented. Curve /, plotted from 
equation (5) developed by Bremer and Homés. Curve 2, plotted from equation (4) 
and fitting the course of atrial depression following a single vagus volley. Curve 3, 
plotted from equation (1) for comparison. 


To describe the element of diffusion, we used the simple equation given 
by Eucken (1931). 


As we have employed the equation in plotting curves, n, represents the total 
amount of a diffusible substance having the diffusion coefficient D. At 
time zero, this arnaount (n,) is considered to be placed in a cylinder of infinite 
length and of cross section g. The substance is located within a layer of 
volume gdz at the region x = 0. Diffusion then begins and is here con- 
sidered in the positive direction only. The value of c represents the 
concentration of the substance at time ¢ in a layer of volume gdz which is 
located at a distance z from the origin. 

The solution of the problem of the concentration at time ¢t of such a 
diffusing substance which is being chemically destroyed at a rate propor- 
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tional to its concentration may be found in the recent paper of Miller and 
Gordon (1931). The equation giving the solution of this problem is 


where c is the value given by equation (2) and k is the velocity constant 
for the chemical process. 
We obtained, therefore, a final equation 


Arbitrary values were substituted for the constants of equation (4) and 
a series of empirical curves plotted. Certain of these curves were found 
to fit, with considerable agreement, the curves plotted from the experi- 
mental data. Such an empirical curve is plotted as figure 1, curve 2. 

As will be seen by reference to the figures, the curves resemble, in general, 
skew distribution curves. Therefore, although the curves developed on 
the basis of an assumed chemical process show fair agreement with the 
experimental data, too great emphasis is not to be placed on this phase of 
the work. We can say definitely that stimulation of certain fibers in the 
vagus nerve produces an effect which achieves its maximum only after a 
period of time corresponding to several cardiac cycles. Furthermore, the 
achievement of this maximum and the course of the ensuing recovery 
occur along a definite depression-time curve. 

b. Effects of change in shock strength upon the depression curve. Below 
a certain threshold strength of the shock applied to the vagus no inotropic 
effect is produced in the atrium. As the shock strength is increased, 
single shocks to vagus result in atrial inotropic changes which increase 
from a just visible minimum to a maximum which is not surpassed by fur- 
ther increase in shock strength. In a given preparation, the depression- 
time curves from several successive records may change in height but do 
not change in form with respect to time. If the ordinate (percentage 
depression) values of each curve of such a series be multiplied by a factor 
such as to bring them all to the same plotted maximum, they become prac- 
tically confluent (fig. 2). One reason for such lack of agreement as is 
found is discussed in section d. 

c. Effects of repeated vagal stimulation. If a shock strength be selected 
such that a single shock produces a just measurable inotropic effect on the 
atrium, repeated stimulation at sufficiently brief intervals will produce an 
increased effect. A series of records showing this is seen in figure 3, 
records G to Linclusive. The records show the effects of stimuli number- 
ing 1, 2, 4, 8, and 1 respectively. The shocks were applied at intervals of 
about one-fifth of a second. The ratio between the percentage of depres- 
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sion and the number of shocks decreases somewhat as the number of shocks 
increases, the effect of the eight shocks being slightly less than eight times 


Fig. 2. Curves A, B, and D plotted from the kymograph records reproduced. 
Ordinates, percentage depression of the height of the atrial contraction as recorded. 
Abscissae, time. Curve C, blacked-in symbols represent points from A, B, and D, 
each set being multiplied by a factor to bring all to the same maximum. The curve 
drawn was plotted by substituting in equation (4) the values n, = 71.5, q = 1, D = 
0.5, k = 0.05, x = 4. Shocks used in each case were obtained by charge of 0.1 mfd. 
condenser. Voltages for A, 13.5; B, 15; D, 22. Kymograph records in this and other 
figures, from above downward, each show atrial contraction (systole gives downward 
movement), time in seconds, and moment of stimulation of vagus nerve in the neck 
(downward movement of signal). 


Fig. 3. A to F inclusive experiment 2/14/32, recorded in sequence as lettered. 
0.1 mfd. A and F single shock, 22 volts; B, C, D and E 6 volts; B single shock, C, D, 
and E stimuli at intervals of 3 seconds, 1.5 second, and 0.75 second respectively. 
G to L, effects of 1, 2, 4, 8 and 1 shocks respectively; shock intervals about } second. 


the depression produced by one shock. The deviation is more than would 
be expected merely as a result of temporal dispersion of the shocks and will 
be considered further in section d. 
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Stimulation of the vagus at moderate rates (from one shock in several 
seconds to about twenty shocks per second) will cause development of 
a summated inotropic effect to a certain equilibrium level which is then 
maintained. If the stimulation is continued until this level is reached, it 
is often found that the time course of the recovery is apparently slightly 
slower than normal (see section d). 

With a given rate of stimulation, the maintained level of depression 
increases between threshold and maximal as the shock strength is increased. 
In many experiments with stronger shock strengths, the maximal effect 
which might be obtained is masked by the appearance of rate and con- 
ductivity changes. The complications brought in under such conditions 
are not considered in the present paper. Using a given strength of 
stimulus, increase in stimulation rate, up to a certain limit, results in an 
increased level of depression (fig. 3, records A to F incl.). This aspect of 
the subject is considered at some length in the earlier literature. 

d. Lack of rectilinear relationship between the number of nerve impulses 
and the inotropic effect. The records and corresponding curves of figure 2 
were selected for reproduction because they demonstrated clearly a phe- 
nomenon which has been neglected in the previous sections. It is not 
strictly true that the maximal percentage depression following two vagus 
nerve volleys is twice that resulting from one volley. Successive incre- 
ments of vagal impulses apparently do not produce arithmetically graded 
steps in the atrial depression record but rather steps the height of which 
seems to be related to the height of the atrial contraction at that moment. 
Therefore, as the depression increases, successive vagal increments pro- 
duce less and less effect and there is increasing deviation from a rectilinear 
relationship between the number of vagal increments and the degree of 
depression. 

We believe this to be a reason for the apparent differences in recovery 
curves found when comparing records obtained 1, with single shocks of 
different strengths, and 2, with lesser and greater degrees of inhibition 
during periods of continued stimulation. The effect of this lack of a 
rectilinear relationship is seen in figure 2 and in records C, D, and E 
of figure 3. 

In figure 2, curve C was plotted from the equation (4). The three sets of 
blacked-in symbols represent the plotted symbols of the curves A, B, 
and D but with each group of values multiplied by a factor such as to 
bring the four curves to the same maximum. ‘The curves therefore neces- 
sarily have the same maximum height. Elsewhere, however, the circles, 
from curve D, consistently lie above the triangles, from curve A. A similar 
effect is seen in figure 3, records C, Dand E. The intervals between stimuli 


applied to the vagus were respectively 3, 1.5, and 0.75 seconds. Complete 
equilibrium levels of depression were not quite reached but, at the time the 
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stimuli were discontinued, the percentages of depression achieved were 
respectively 18, 36, and 42. The curves of recovery plotted from such 
records would thus tend to show an apparent decrease in the value of k 
of equation (4) as the maximal level of depression increased. 

e. Effects of temperature. Records made at different times of the year 
and under sufficiently controlled conditions have not yet been obtained 
in sufficient numbers to allow of definite statements as to seasonal changes 
in the nature of the atrial inotropic effect. The impression gained from 
the records available is that this effect is greatest and proceeds with greatest 
speed in animals in the late spring, being the least and slowest in the late 
fall or winter. Such variations seem to introduce complications into a 
study of temperature effects. The immediate effects of temperature 
changes were investigated on a series of turtles during November and 


Fig. 4. Effects of single vagus volleys at different temperatures. Experimental 
values plotted from several records of which two are reproduced. Depression 
maxima brought to same level for plotting. Record A, curve A, 16°C., solid line 
plotted from equation (4), D = 0.5,k = 0.05. Record B, curve B, same preparation, 
22°C., D = 0.75, k = 0.08. 


December. Animals were brought from the cool storage pen in the base- 
ment and kept for two days in the laboratory in running water at about 
14°C. Before beginning an experiment, the laboratory temperature was 
brought down to between 12°C. and 15°C. An animal was then prepared 
and a series of records taken. The laboratory temperature, and with it 
the temperature of the turtle, was allowed to rise over a period of one or 
two hours and another series of records was taken (fig. 4). The tempera- 
ture of the room and of the turtle viscera at that time would be between 
20° and 23°C. This last series of records yielded curves which were similar 
to those obtained from turtles kept in the warm laboratory (at about 23°C.) 
for two days before an experiment done at a temperature of about 23°C. 
and were “slower” than curves obtained at similar temperatures in April 
or May. 

In all cases, as the temperature rose, the times to maximum inhibition 
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and to any definite percentage of recovery became less. When the curves 
obtained were studied with respect to the rate of recovery from inhibition. 
it was found that the change appeared to correspond to changes both in 
D and in k of equation 4. 

The change in rate of the heart in response to the temperature changes 
was such that the number of beats occurring between the application of 
the single shock to the vagus and the moment of maximal inhibition was 
quite constant. Records taken during the summer with temperatures up 
to 38°C. showed a similar situation. It appeared thus as if there might 
exist a causal relationship between the number of heart beats and the course 
of the inhibitory process. That such is not the case was revealed by the 
series of experiments reported below. 

f. Effect of changes in heart rate. If an intact heart be driven by means 
of electrical stimuli applied to the atrium at a rate barely above that of 


Fig. 5. Effects of single vagus volleys on atrium responding at different rates 
Plotted curves A, D and G from spontaneously beating heart, beat interval 3.2 
seconds. Curves E and F from same preparation, heart driven, beat interval 1.5 
seconds. Records from which D and E were plotted are reproduced. 


the spontaneous rhythm of the heart, there is usually some evidence of 
vagal stimulation of the vagus fibers in the heart. It can be shown, how- 
ever, that a single shock to the vagus applied during such a time will 
produce an atrial depression curve of the usual form. If the atrium be 
driven by means of stimuli applied through a fine wire hooked into the tip 
of the auricle, the circuit being completed through an indifferent electrode 
buried in the viscera, the intra-cardiac vagal stimulation is probably at a 
minimum. Using such an arrangement records were made from several 
hearts which were driven at rates of from 1.6 to 2.2 times that of their 
spontaneous rhythms. 

The driving stimuli were begun and when a fairly constant contraction 
height was reached, a single shock was applied to the vagus. The resulting 
atrial inotropic depression curve was of the same form as the control 
depression curves obtained from the same hearts beating spontaneously. 
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Results from such an experiment are presented in figure 5. Two records 
are shown, showing the effect of single shocks to the vagus in the first 
case, D, with the heart beating spontaneously with a beat interval of 3.2 
seconds, the other, L, showing the heart driven with a beat interval of 4.5 
seconds. Because of the alternating irregularity of the driven atrium, 
contraction heights from records E and F were averaged in pairs and the 
figures so obtained where plotted. The curves A, D and G were plotted 
from records of the spontaneously beating heart; curves F and F are 
plotted from records of the driven heart. 

The mere number of atrial beats is, therefore, in no causal way connected 
with the duration of depression following a single vagus volley. In all the 
records obtained from driven hearts, however, the strength of the atrial 
beat was less than that of the slower, spontaneously driven atria. The 
possibility that a study of the total work or total tension developed might 
show some correlation with the course of recovery has not as yet been 
experimentally investigated. 

Discussion. We have previously (1931) pointed out that for the turtle 
heart, vagus standstill does not represent a threshold chronotropic effect. 
Standstill, although it represents a fairly definite degree of inhibition, occurs 
only with the development of chronotropic and dromotropic effects which 
are considerably above threshold. With the case of the inotropic effect of 
the vagus also we do not believe that we can recognize any definite or 
absolute criterion of threshold effects in the heart. 

Heinbecker (1931) has shown that the appearance of a definite compo- 
nent of the turtle vagus action potential is correlated with the onset of the 
inotropic effect in the atrium. It is, however, probable that the potential 
contributed by the first fiber (or the first few fibers) could not be recognised 
from the oscillograph records as yet obtained. Where optimally rapid 
stimulation, continued “indefinitely” can be used, as is generally the case, 
measurements of the atrial contraction record is undoubtedly a more 
delicate method than either the form of the action potential or the measure- 
ment of the concomitant changes in the heart (shortening of systolic 
time, shortening of the absolute refractory period, shortening of chronaxie, 
and depression of the action potential). It is for this reason and because it 
offers the least technical difficulty that we used measurement of the atrial 
contraction record in this study. 

The form of the depression-time curves which we have obtained leads 
to two obviously possible modes of vagus action in the heart. One is that 
the curves are distribution curves representing delays in the different 
elements of the cardiac ganglionic or post-ganglionic mechanism. This 
delay system would be such that a maximum number of nerve elements are 
effectively active on the cardiac musculature only after the completion of 
an apparent latency of several seconds. Another possibility is that the 
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development of the empirical curves according to a chemical hypothesis 
is in some agreement with the actual facts. 

The former of these alternatives, that of a delay mechanism, would 
mean the presence, in the intrinsic cardiac nerves, of an activating system 
similar to that assumed by Eccles and Sherrington (1931) to occur in the 
spinal cord. Such an assumption would demand that the intracardiac 
nerve path should be so intricately arranged as a conducting, integrating, 
and facilitating system within itself that, although the effect on the cardiac 
musculature of a single shock to the vagus was not at its maximum for ten 
or more seconds, every activated locus along that path must have recovered 
from refractoriness in a tenth of a second or less. Were this not true, it 
would not be possible to observe the degree of summation actually obtained 
when ten or more shocks per second are applied to the vagus. The time 
required for development of maximal depression, following a single vagus 
volley, is so great that we doubt whether such a delay circuit offers an 
adequate mechanism. 

The second obvious possibility of a mode of vagus action involves the 
existence of an inhibitory mechanism which acts on the contractile mech- 
anism indirectly as through the intermediation of a chemical system. The 
necessity of using arbitrary values for the constants of equation (4) must 
leave those values without present significance as to the component details 
of any physico-chemical system which might be involved. Moreover, 
even using a simplified equation, the two of these constants which would 
be most desirable are not at present available. These are first, the diffusion 
coefficient for the hypothetical substance in question and, second, the 
distance through which it would need to diffuse to produce its action. 
Although our experimental results might seem entirely compatible with a 
specific hypothesis such as that developed by Loewi (1926, etc.), a variety 
of other, quite different, chemical systems would yield similar action-time 
curves. Changes in the post-ganglionic cell body or in the muscle fiber 
might be produced by the immediate effect of a nerve impulse and might 
also develop and disappear in the manner observed. 

For the present we must restrict ourselves to the statement that our 
evidence demonstrates that stimulation of a single nerve unit (fiber or 
small group of fibers stimulated in the neck region) produces a change in 
the atrium. This change develops to a maximum and disappears in 
accordance with a definite intensity-time curve. An increase in the num- 
ber of nerve units activated within a unit of time may be shown experi- 
mentally to produce just such an increase in effect as would be expected. 
The increase in the number of nerve units activated per unit of time may 
be brought about by an increase either of shock strength or of frequency of 
stimulation. 

Moreover it is probable that such an interpretation of summation phe- 


470 A. S. GILSON, JR. 


nomena can be applied to the effect of nerves in all organs in which a single 
summated effect can be obtained in consequence of an integration of nerve 
impulse effect. When the problem is viewed in the light of such a con- 
sideration, one encounters difficulty not in naming nerves which have 
“iterative” properties but rather in naming those nerves which do not have 
such properties. Lapicque has considered as “iterative nerves’ those 
which must be stimulated several times in order to produce a threshold 
response of their end organ. It seems probable that in all such cases, the 
level at which the “‘threshold”’ response is produced depends upon the sensi- 
tivity of the recording system used. Among the nerves classed by 
Lapieque and his co-workers as iterative are sensory fibers, the vagus to 
the heart (producing standstill in the frog) the vagus to the stomach, and 
the splenic nerve causing contraction of the spleen (see Fredericq, 1928). 
Bishop and Heinbecker (1932) report typical summation phenomena re- 
sulting from stimulation of the cervical sympathetic nerve in cats and 
rabbits. They find that such effects are observed in the nictitating mem- 
brane, the pupil, blood vessels, and erectile hairs. Although summation 
may be seen in all of these, some of them show measurable response after 
a single shock to the nerve while others show a measurable response only 
when several shocks have been applied. 

Even the motor nerve fibers to skeletal muscle appear under certain 
conditions to give an integrative effect. Bremer and Homés (1932) have 
published a theory of summation of the nerve impulse which is an extension 
of work reported some years ago by Bremer. They make use of a phe- 
nomenon observed by Boehm (1894). Boehm found that a muscle from a 
lightly curarised animal might fail to respond when the motor nerve was 
subjected to a single electrical shock but that when rapidly repeated 
stimulation was used, the muscle might contract. Bremer and Homés 
studied the effect of two shocks applied to the nerve in rapid succession. 
Their hypothesis assumes that the shock to the nerve be applied sufficiently 
close to the muscle so that transmission time becomes negligible. Follow- 
ing the application of a first shock to the nerve there is produced a change 
in the neuro-muscular junction in consequence of the arrival there of the 
nerve impulse (influx nerveux). This change may or may not be sufficient 
to produce a response of the muscle and is dissipated spontaneously as 
along the curve of a decreasing exponential. A second shock applied to 
the nerve during the absolutely refractory period following the first shock, 
produces, of course, no measurable effect at the neuro-muscular junction. 
However as the shock is applied later, there will be an increasingly greater 
effect produced at the junction. The curve of this increasing effect is 
supposed to be an increasing exponential for which the level of complete 
recovery is the asymptote. The total or summated effect at the neuro- 
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muscular junction is determined by the sum of the two effects. The 
strength of the muscle contraction should be an expression of this sum- 
mated effect and the recorded contraction heights from twitches produced 
by paired shocks, separated by different times, should follow the curve 
defined by their equation 


where ¢* represents the time at the end of the absolutely refractory period. 
Bremer and Homés publish myographs which they consider to be in agree- 
ment with this argument. Their plotted points have, however, been so 
crowded along the time axis that there is a masking of the gradually rising 
start which is clearly present in nearly all of their published records. We 
believe that their figures can be fitted better by curves of the form similar 
to those from equation (4) than by the equation which they develop. It 
is perhaps not impossible that a temporal distribution due to different 
recovery times at different junctional points introduces distortion into 
curves which might otherwise agree with the argument which they offer. 

It seems probable that, in any tissue which shows summation of nerve 
impulse effect, there is a considerable time range during which summation 
of two or more nerve impulses can be effected. The least time during 
which any such effect could be produced will depend upon times of local 
refractoriness in any part of the system. The longest time through which 
summation effects can occur will be determined by the effective latency 
of action of the system and the duration of the effect produced by a previous 
impulse. A system limited in time only in this way and in which the all- 
or-none law at least in simple form, does not hold, should show summation 
phenomena in just such a way as they usually occur. Summation of sub- 
threshold stimuli can probably occur in any tissue. In a tissue following 
the all-or-none law and in which achievement of a definite threshold level 
(of excitation) is followed by a specific response and an ensuing period of 
refractoriness, the reaction has probably become complicated but not 
essentially changed. 

Our experiments make it seem probable in the case of vagus activity in 
the heart as in other systems giving integration of nerve impulses, that 
emphasis should be placed not on the minimal but rather on the total time 
during which summation effects may be developed. The essence of such 
a concept is contained in Lapicque’s (1925) theory of latent addition, in 
the work of Bremer, and of others. It appears, however, that an hypothe- 
sis which becomes too highly specific in detail, either as to threshold condi- 
tions or as to mechanism of the responding system is not as yet warranted 
by the experimental facts available. 
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SUMMARY AND CONCLUSIONS 


Vagal stimulation in the turtle was studied with respect to the time 
course of the depression of atrial contraction following such stimulation. 
When a single effective shock was applied to the vagus, the consequent 
inotropic effect in the atrium followed a definite intensity-time course. 
The plotted curves have the general form of skew distribution curves. 
They may, however, be satisfactorily fitted from an equation defining the 
concentration of a substance under conditions of both diffusion and chem- 
ical change. 

Increase in strength (between threshold and maximal) of single shocks 
applied to the vagus resulted in an increase in atrial depression (between 
threshold and a maximum for single shocks) with but little change in the 
time functions of the curve of depression. 

The times of achievement of and recovery from depression are increased 
as the temperature of a given preparation is lowered. 

Driving the atrium by electrical shocks thrown in at rates of about twice 
that of the normal rhythm does not affect the time course of the inotropic 
depression resulting from a single shock to the vagus. 

If, with a given shock strength, the depression following a single shock 
be compared with that resulting from several shocks, the summated effect 
from the latter is in accordance with that which would be expected from a 
study of the former. This is true both for the degree of maximal depression 
achieved and the time required for the achievement of the depression. If 
repeated stimulation be continued “indefinitely,” the depression develops 
to a certain level which is then maintained with little or no change as 
stimulation is continued. Within physiological limits, this depression is 
increased either by keeping the shock strength constant and increasing 
the frequency, or by keeping the frequency constant and increasing the 
shock strength. 

We are led to the conclusion that in the preparation used, summation of 
nerve impulse effects is largely determined by the intensity-time course of 
the effect produced by a single stimulation of a single nerve unit. Condi- 
tions of refractoriness in the system determine the minimum time which 
must elapse between successive stimuli if each is to be effective. The dura- 
tion of the change produced by a nerve impulse determines the maximum 
time for summation. Within the limits of such conditions, repeated 
stimulation produces the expected summated effects. 
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For the last forty years many investigators of sleep have attempted to 
localize a sleep center in the nervous system. While some came to the 
conclusion that no such center existed, others have placed it in a variety of 
regions, from the cerebral cortex down to the medulla. Some recent 
workers, on the basis of laboratory and clinical investigations, favor the 
region around and at the floor of the third ventricle (the periventricular 
gray), a region originally shown to have something to do with sleep by 
Mauthner (1890). There is a group of adherents of Pavlov who, with 
him, interpret sleep as a generalized spreading of inhibition through the 
cerebral cortex. A third group tries to reconcile these two divergent view- 
points by postulating that the cortical sleep apparatus is duplicated in the 
lower nervous centers (Johnson, 1923), or that there is a double sleep 
center concerned with body sleep on the one hand and brain sleep on the 
other (Economo, 1928; Adie, 1926). 

Reference is often made to the behavior of decorticated dogs as proving 
that sleep is possible in the absence of a cerebral cortex. Unfortunately 
those who observed the behavior of decorticated dogs made no special 
studies of their sleep, and that probably accounts for the divergent and 
even contradictory statements they made on this subject, although they 
are by no means unanimous in their descriptions of other aspects of be- 
havior of decorticated animals. 

Goltz (1892), the first one to keep decorticated dogs alive for any length 
of time, made what appear to be the most accurate observations of the 
sleep of these animals. In the morning he often found the dogs asleep, 
their eyes closed, and their breathing regular. They could be awakened, 
but more powerful than usual stimuli were required for that purpose. 
Goltz could detect no evidence of dreaming in his decorticated dogs. 
During their waking hours the dogs were hyperactive, walking aimlessly 
for long periods of time, generally in a circle. After they were fed the 
dogs made a few turns, then lay down and fell asleep. Their rest and 
sleep were usually of short duration. Deprivation of food increased the 
restlessness of the dogs. 
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Rothmann (1923) not only found that his decorticated dog slept after 
the manner of a normal dog, but also detected a sense of time (Zeitgefiihl) 
in his animal. The dog slept at night and was awake during the daytime. 
The dog apparently also knew when he was going to be fed, because at the 
proper time he would of his own choice place himself by the door of his 
cage and wait for his food. Rothmann’s dog was also hyperactive at 
times. The hyperactivity was especially marked before micturition or 
defecation, and when the dog was hungry. 

Dresel (1924) kept a dog alive for three months after removing his cortex 
and striatum. The dog was very active before micturition, or when 
hungry. Unlike Rothmann’s dog he manifested no regular diurnal sleep. 

Rademaker and Winkler (1928) make the following statement regarding 
their decorticated dog ‘‘Robbie:” ‘The animal lived in two alternatingly 
varying periods. In one it was restless, it tried to make walking move- 
ments and to lift itself. In the other period it seemed to sleep. If shaken 
or pinched, it opened its eyes, yawned and moved its hair as a dog that 
is awaking.”” They do not say what relation, if any, to day and night the 
“two alternatingly varying periods” had. 

Zeliony (1929) observed two decorticated dogs and noted that they slept 
most of the time. In one of them, ‘“Alpha,’”’ only hunger and the need 
for micturition or defecation called forth awakening. He also observed 
that hunger made that dog pace the floor and execute chewing movements. 

This exhausts our information concerning the activity and rest of decor- 
ticated dogs. All investigators seem to agree that the dogs slept after the 
extirpation of the cerebral cortex. But does a decorticated dog sleep most 
of the time, or is he awake for longer periods of time than he is asleep? 
Do the periods of rest and activity alternate regularly? Does such an 
animal manifest any sense of time, as reported by Rothmann? New 
observations on the effects of decortication had to be made, with sleep as 
the special object of study, before these questions could be answered. 

METHODS AND RESULTS. After repeated unsuccessful attempts to keep 
dogs alive upon the removal of the entire cerebral cortex in one operation, 
the older two stage method was resorted to. The animals were operated 
upon under either barbital or ether anesthesia. The completeness of 
decortication was verified in each case by post-mortem examination. 
While detailed microscopic studies have not yet been made of the preserved 
brain stems, careful inspection of whole and sliced brain stems revealed 
very little or no cortical tissue. In most cases too much rather than too 
little brain tissue was removed. In some dogs, as a preliminary procedure, 
both vertebral arteries were tied off permanently and the two carotid 
arteries compressed during the removal of the cortex. If the animal re- 
covered from the first operation in which the cortex of one hemisphere was 
removed, four to six weeks were allowed to elapse before the cortex of the 
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other hemisphere was taken out. After each operation, but especially 
after the second, most of the animals were in a state of profound depression 
for some days, unable to stand up, to eat or to drink. Four dogs lived 
long enough after the second operation to permit satisfactory studies 
Dog A lived for 158 days, B was killed one year after decortication, and 
C and D lived only for 17 and 14 days respectively. Lach of the latter 
two dogs, however, made a very quick recovery after the second operation 
(C walking well on the next day) and was studied intensively, when he 
suddenly took a turn for the worse and died. Autopsy showed no evi- 
dences of infection in either case. We would hesitate in drawing con- 
clusions from observations made on dogs C and D alone, but since they 
behaved in every way like the longer lived dogs A and B we feel that we 
are justified in considering the results obtained on all four dogs as valid. 

Even casual inspection left no doubt that decorticated dogs slept. They 
lay curled up or sprawled on the floor, eyes closed, and breathing quiet and 
regular. Upon awakening they nearly always stretched and yawned. 
It was easy to follow the various stages of drowsiness preceding sleep. 
Through the semiclosed eyelids one could observe how the eyes rolled 
downward and outward, and the nictitating membranes crept out and 
partially covered the eyes. Occasionally when nearly asleep the dogs 
made chewing movements repeatedly. That woke them up, and each time 
it happened the eyes returned to the normal position. During the time 
they were sleep the eyes remained rolled outward and downward, as could 
be seen by gently spreading the eyelids. There was a definite lowering of 
reflex irritability with the onset of sleep. In the waking state, the dogs lying 
flatly on the floor, an auditory stimulus of a constant intensity and high 
pitch elicited a stereotyped response a great number of times in succession. 
This consisted of a lifting of the head and a movement of the ears, the 
“investigatory reflex’? of Pavlov. In normal dogs the investigatory re- 
sponse gradually fails upon repeated stimulation, but not so in decorticated 
animals. This fact was already noted bv Zeliony (Pavlov, 1927), and we 
were able to confirm this observation. However, if the stimulus is ap- 
plied every ten seconds, while the decorticated dog is falling asleep, the 
response becomes feebler, may follow one stimulus and not the next one, 
and finally completely dies out. As in normal dogs, after the onset of 
sleep, a response can be obtained either by applying the stimulus more 
frequently, or by increasing its intensity. 

Once asleep the dogs did not wake up spontaneously for periods of time 
varying from 30 minutes to several hours, but most frequently they slept 
from one to two hours. In the waking state they generally walked about, 
sometimes incessantly, sometimes with short periods of rest, for a long 
time, as observed first by Goltz, and later by others. As a rule, the walk- 
ing was in a circle. We utilized this fact in making the dogs record their 
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activity by means of a simple device. A hand centrifuge 


the air, upside down, about three feet from the ground 


connected the well lubricated axis of the centrifuge head wit 

collar. The dog’s walking in a circle caused the rope to become twisted, 
and the slightest twist of the rope was sufficient to rotate the centrifuge. 
At each such turn an electric contact was made and recorded on a very 
slowly moving kymograph by means of a signal magnet. In this manner a 
continuous 24-hour record of the dog’s activity was obtained. It is obvious 
that the record gave positive information only. No recording by the signal 
magnet did not mean that the dog was necessarily asleep, although that 


was generally the case. Typical strips from such records are presented in 


A _| 


Fig. 1. Signal magnet records of the activity of decorticated dog A, each mark on 
the paper representing, as a rule, one circular walking movement. When the dog is 
running the marks coalesce forming a band Time in minutes, total time of each 
record about three hours. Records A and C show the short lasting activity after 
feeding (indicated by oblique marks), followed by about one and a half hours of rest 
Record B shows a rest period of three hours’ duration, and record D, a period of 
activity lasting more than three hours. 


figure l. The 24-hour records showed that the decorticated dogs were active 
or at rest without any regard to day and night. On the average, the dogs 
spent from 10 to 45 minutes out of every hour in activity, the figures 
varying somewhat in the different dogs, or in the same dog on successive 
days. A slightly greater proportion of the time was spent in activity 
during the day than at night, but this was probably due to the disturbing 
noises of the laboratory during the working hours. The longest period 
of activity on record was 6 hours and 40 minutes of incessant walking. 
As a rule, there were about five or six periods of activity alternating with 
periods of rest and sleep each 24 hours. 

Practically all experimenters state that hunger increases the activity of 
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A ° 
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decorticated dogs. None of them made any records of gastric contrac- 
tions, and therefore no objective evidence was brought forward to show 
that the dogs were hungry. Of course, in a general way, one would expect 
dogs to be hungry if they had not been fed for some time. The activity 
records of our dogs show no definite increase at the time when the animals 
could be expected to be hungry. There was always the same haphazard 
alternation of activity and rest. Satiety, on the other hand, did result in 
a temporary decrease in activity. After they were fed the dogs usually 
walked around for a while, often urinated and defecated during that period, 
then lay down and slept for an hour or two. Figures obtained on dog A 
for seventeen days showed that after feeding he walked from 5 to 60 
minutes. (average, 29 minutes), then slept from 30 minutes to 6 hours 
(average, 2 hours 11 minutes). 

Discussion. On the basis of our experience it is easy to distinguish 
sleep from wakefulness, as the two are seen in the normal human adult. 
During the waking state we are constantly analyzing the mass of impulses 
reaching the cerebral cortex from the sensory periphery and elaborating 
responses to the various stimuli, all in the light of our previous experience. 
This critical reactivity, as differentiated from stereotyped reflex responses, 
is lost during sleep. Very young anir 's or infants are incapable of critical 
reactivity (as determined by the usu: ts), and we must therefore have a 
simpler criterion of sleep as it is seen in these creatures. One of the most 
satisfactory indications of sleep is the raising of the threshold of reflex 
excitability which accompanies its onset in the young as well as the old. 
Piéron (1913) stresses the value of this test in discussing the alternate 
states of rest and activity seen in some invertebrate marine animals, 


usually coinciding with such external changes as day and night, or ebb and 
tide. According to Piéron, the excitability of these animals does not de- 


crease when they are quiescent, and he therefore refuses to call that state 
of inactivity sleep. For this reason we were particularly interested in 
testing the reflex excitability of our decorticated dogs at different times, 
when they were merely lying down and when they appeared to be asleep. 
The decrease in irritability which we observed indicates that decorticated 
dogs really sleep. 

Up to this point we have simply confirmed the observations and con- 
clusions of previous investigators, bringing out some additional facts to 
support their views. There still remains, however, to be answered the 
question whether the sleep of decorticated dogs differs in any respect 
from that of normal dogs. We have found a positive answer to this ques- 
tion in the fact that normal dogs can stay all up day and then sleep through 
the night, whereas decorticated dogs have half a dozen periods of sleep in 
24 hours. The investigations of Szymanski (1918, 1920) demonstrated 
conclusively that some animals have one long period of rest in 24 hours, 
others, several such periods. He termed them monophasie and_poly- 
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phasic animals. The polyphasic are the “lower” animals which make little 
use of their distance receptors for obtaining information about what is 
going on around them. Szymanski points out, however, that even among 
the monophasic animals, including man, the young are polyphasic. 

Very young puppies, like infants, are blind and deaf, even though they 
possess good visual and auditory reflexes. They are typically polyphasic 
creatures in that they wake up every few hours, complain, are nursed, go to 
sleep again. Adult dogs are quite definitely monophasic, in spite of the 
fact that many of them will doze off at odd hours of the day, when there 
is nothing worth their attention going on, just as humans will under 
similar circumstances. This faculty of monophasic rest, or diurnal sleep, 
is permanently lost after decortication, which means that the dogs become 
once more polyphasic, reverting to the state of young puppies. Since 
puppies and new-born infants are, physiologically speaking, without a 
cortex, we are led to the inevitable conclusion that diurnal sleep depends 
for its development, and once developed for its maintenance, upon a 
physiologically active cerebral cortex. The behavior of an anencephalous 
child as reported by Edinger and Fischer (1913) well supports this view. 
One of the first things a baby learns is to sleep through the night, although 
it may still have two or more short naps during the day. The child in 
question died when it was nearly years old, and yet it never learned 
to stay awake during the day, as it uever learned to recognize its mother. 
Indeed, the authors compare the child to a new-born baby, “der praktisch 
auch ohne Grosshirn ist.” 

What bearing have our results upon the theories concerning the existence 
and localization of a sleep center? The existence of a subcortical sleep 
center is not at all a necessary postulate. In decorticated dogs and in 


new-born babies the state of wakefulness may be produced and maintained 
by the stream of afferent impulses from the surface receptors, propriocep- 
tors, and the visceral receptors, especially the latter (hunger, thirst, dis- 


tention of bladder and rectum). The diminution of this stream of impulses, 
when it reaches a certain critical value, results in a raising of the threshold 
of reflex irritability, producing sleep. However, our results are not in 
conflict with the eventual possible localization of a subcortical sleep center. 
The influence of such a center may be to keep an animal constantly asleep, 
unless there are enough afferent impulses coming in to inhibit the contin- 
uous action of that center; or the center may be in reality a waking center, 
whose activity will keep the animal awake, provided it is suitably rein- 
forced by a sufficiently great number of afferent impulses. Philogeneti- 
cally and ontogenetically, as distance receptors develop and play an impor- 
tant part in supplying the animal with information concerning the outside 
world, and as critical reactivity appears, the constant analysis of, and 
elaboration of responses to, the great variety of afferent impulses reaching 
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the cerebral cortex are sufficient to keep the animal awake for a long time, 
but not indefinitely. Sooner or later darkness will diminish the number 
of visual impulses, fatigue will lead to muscular relaxation and a decrease of 
proprioceptive impulses, and so on, until sleep is precipitated. We see that 
diurnal sleep, developed around the 24-hour cycle of day and night, is thus a 
definitely cortical phenomenon, has its center or is localized in the cerebral 
cortex, disappears when the cortex is removed. That explains why all 
those who study the sleep of higher animals and man cannot help but see 
the tremendous influence of cortical processes, habits, conditioned reflexes, 
ete., upon the onset of sleep. In man the habit of going to bed at certain 
hours, and of waking up at a definite time each morning, is not inborn, but 
acquired by experience. That the subcortical sleep tendencies are ever 
ready to exert their action is demonstrated by the fact that most people can 
fall asleep not only at their habitual bedtime, but almost at any time, if a 
condition is brought about where the number of afferent impulses reaching 
the cerebral cortex is greatly reduced. After a meal the primordial tend- 
ency to sleep is especially powerful and asserts itself with great ease, if 
permitted to do so. 

To repeat, there is no conflict between the subcortical and the cortical 
theories of sleep. The first account for sleep in general, the second for the 
special diurnal type of sleep seen only in higher animals and in man. 


SUMMARY 
1. Decorticated dogs have several periods of sleep alternating with 
periods of activity each 24 hours. 

2. Their activity consists of almost incessant walking in circles. 

3. The most constantly occurring period of sleep follows very shortly 
upon feeding. 

4. The conclusion is made that diurnal sleep in dogs depends upon the 
presence of the cerebral cortex for its establishment and persistence. 
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In recent years a number of important papers have appeared concerning 
the functional significance of nerve fibre diameter (cf. Lapicque, 1926 
Gasser and Erlanger, 1927) but as the writer has pointed out (Barnes, 1930 
more extensive observations are needed before any generalizations can 
be drawn. For studies of nerve fibre diameter a favorable preparation 
may be found in the crustacean limb. De Renyi (1929) in particular has 
published careful measurements of the variation of fibre diameter in the 
crustacean nervous system, in which the diameter of nervous elements 
may vary from 2 to 125y. 

Previous investigators have overlooked the fact that Biedermann (1895 
was the first to suggest that the wide variation in the diameter of nerve 
fibres must have profound physiological significance. He states “One 
important fact that has hitherto been overlooked is the marked variation 
in calibre which occurs in both medullated and non-medullated central] 
and peripheral nerve fibers. If, as we might expect, this is related with 
functional dissimilarity the mere anatomical differences (apart from physio- 
logical reasons to be considered below) would be decidedly against the 
homogeneity of all nerve-fibres so often insisted on according to which the 
differences of excitatory effect must be referred solely to differences in the 
terminal organs.”’ 

With the exception of Biedermann’s statement all previous communica- 
tions concerning the physiological significance of fibre diameter have been 
reviewed by Lapicque (1926) and for this reason it seems unnecessary to 
present a complete historical survey in the present paper. ‘The first actual 
observations were reported by Lapicque and Legendre (1913) who corre- 
lated the chronaxie of various fibres in the frog with their diameter. The 
specific character of nerve fibres was not known to Langley for in his impor- 
tant paper on peripheral nerves (1922) he puts forward the suggestion that 
the diameter of the fibres is determined by the organ to which they run. 
The original observations of Lapicque were later confirmed by Lapicque 
and Desoille (1927) and Kreindler (1927) with a number of minor correc- 
tions, for example, the diameter of the large fibres, 20u, becomes 16-18 
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Erlanger and Gasser (1924) found that a single electrical stimulus evokes 
a series of waves travelling at different speeds; this phenomenon, however. 
was not found in the phrenic nerve whose fibres are of uniform size. Gasser 
adopted Lapicque’s notions concerning the functional significance of fibre 
diameter (cf. Lapicque, Gasser and Desoille, 1925) and in subsequent 
papers written with Erlanger (1927, etc.) presented evidence indicating 
that the large or A waves are mediated by large motor and proprioceptive 
fibres, the medium waves are concerned with touch and temperature, and 
the small fibres convey pain impulses. The hypothesis that pain is in 
some way associated with activity in nerve fibres of small diameter has 
received additional support (ef. Gerard’s review, 1930; Adrian, Cattell, 
and Hoagland, 1931). The slow waves which Adrian elicited (1930) by 
the application of weak acid to the skin may be set up by crushing or 
burning. These impulses may help to throw light on the C wave of Gasser. 
However, it must not be forgotten that rapid fibres may sometimes be 
involved with pain sensations (Adrian, 1930). 

The paper of Matthews (1929) may be consulted for measurements of 
fibres in frog nerve associated with “specific” proprioceptive and cutane- 
ous impulses. 


Other aspects of the nerve fibre diameter question have been considered 
by Gothlin (1908, 1917), Théle (1912) and Kiss and Mihalik (1928). Um- 
rath (1928) found that this relationship does not apply to excitatory proc- 
esses in plants. 

The present paper deals with results secured at the Biological Station 
in Bermuda during the summer of 1931. The object of the investigation 
was to measure the diameter of living sensory nerve fibres and if possible 
to establish a relationship between the rapidity of movements in the 
crustacean limb and the cross section of sensory fibres running to the 
receptive fields involved in the reflex ares. Over two thousand living 
sensory nerve fibres were measured in sea water and their receptive fields 
determined by tactile stimulation of areas on the limb extremities. The 
time relations of the opening and closing reflexes of the claw and the exten- 
sion and flexion of the walking limbs were measured with a stop watch. 
The receptive fields were mapped out by stimulation of the exoskeleton by 
means of a fine bristle. As is well known, a contact stimulus applied to the 
inner or biting edges of the claw produces closing and the sarne stimulation 
at other areas of the claw elicits opening. 


In Goniopsis cruentatis there is a restricted linear area immediately above 
the biting edge of the claw teeth which is unusually sensitive and a single 
tactile stimulation of this sensitive line elicits immediate opening of the 
claw. The soft interior of the claw was gently drawn out without disturb- 
ing the position of the nerve fibres. The portion supplying the receptive 
field for opening of the claw was cut away from the rest of the prepara- 
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tion and examined microscopically in sea water. The nerve stran: 
were teased apart with fine glass needles or with an Emerson microma 
nipulator. 

In all preparations it was found that the individual sensory fibres inner- 


vating the regions of the shell stimulated varied from 2 to 20x ir 


but the nerve strands which were involved in the more rapid refles 


ing of the claw) contained a higher proportion of fibres of large d 


Fig. 1 

Fig. 1. The distribution of the diameters of sensory fibres in the claw of Goniop 
Abcissae: diameters in microns. Ordinates: number of fibres in each diameter 
group. Upper graph: fibres in the fixed digit; lower graph: fibres in dactylus 
(motile digit). The heavy line in each represents sensory fibres innervating the 
receptive field of the biting edges of the claw. Stimulation of this region elicits 
rapid closing of the claw. The light line represents the fibres of smaller diameter 
innervating the remaining parts of the claw surface. Stimulation of these regions 
produces slow opening of the claw. See table 1 for the time relations of the reflexes 
of this claw prior to excision 

Fig. 2. Nerve fibres in crustacean limb A. The Retzius artefact. These 
curious ‘‘nerve endings’’ appear in preparations of the contents of the dac- 
tylus when stained with methylene blue. Vom Rath (1890) showed that gold 
chloride reveals additional sensory cells 

B. Cross section of the meropodite nerve in the walking leg. Note the wide 
variation in fibre diameter. 

C. Two sensory fibres; vital staining with methylene blue; note the large ova 
nucleus and the close proximity of the two fibres. 

D. A 17.54 sensory fibre innervating the biting edge of the claw 

E. A 10u sensory fibre innervating the receptive field for the opening of the claw 
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(fig. 11). The arrangement of the diameter groups is more heterogeneous 
than the tactile sensory fibres in large specimens of Cancer pagurus men- 
tioned in a preliminary note (Barnes, 1931) and resembles more closely the 
innervation in the limbs of several small Mediterranean crabs (Barnes, 
1930). 

The rather striking difference in the rapidity of the two reflexes of open- 
ing and closing the claw may be seen in table 1 which records observations 
made on the animal whose sensory fibres are represented in figure 1. The 
closing reflex involving the large sensory fibres is frequently four times as 
rapid as the opening of the claw and the latter reflex often requires repeated 
tactile stimulations for maximum movement. It is obvious that the large 
sensory fibres play an essential réle in the more rapid movements of the 
claw: In vertebrate nerve it has been found (Erlanger, 1927) that fibres 


TABLE 1* 


Slow and rapid reflexes in the claw of Goniopsis 


a NUMBER OF TIME FOR 
REFLEX REGION STIMULATED STIMULA- COMPLETED 
MOVEMENT 
TIONS MOVEMENT 


seconds 
Dorsal surface of dac- 3.2 
tylus 
Sensitive line below 
teeth of fixed digit 


Opening 


Teeth of fixed digit 0.: 
nig Teeth of dactylus 0 


* See figure 1 for sensory fibre diameter in this animal. Similar results were 
secured with over one hundred other animals. 


of 184 diameter are twice as rapid as fibres of 94 diameter and three times 
as rapid as 6u fibres. It has been suggested (cf. Gerard, 1931) that the 
more rapid conduction in the thick fibres of vertebrate nerve may be corre- 
lated with the greater distance between the nodes of Ranvier. In the 
unmedullated nerves of crustacea, however, the significance of fibre diame- 
ter is not obscured by complicating factors introduced by the structural 
variations of the fibre sheath. 

A cross section of the nerve (fig. 2, B) confirms the variation in fibre 
diameter observed in the living preparations (fig. 2, C, D, E). Unfortu- 
nately the histological evidence is not yet supported by records of the 
action currents in the various fibres. Through the kindness of Prof. E, 
D. Adrian the writer was able to make several oscillograph records showing 


1 The figure is selected from many others representing approximately the same 
distribution of diameter groups. 
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SIGNIFICANCE 


the discharges of sensory impulses in the limb nerve, elicited by tactile 


stimulation of the ventral surface of the dactylus*? and by bending the 
joints of the limb (fig. 3). It is interesting to note that these impulses 


are clearly larger than the “spontaneous” sensory discharges occurring in 


the same preparations which are probably arising in chemoreceptors in 
the skin stimulated by evaporating sea water. It is suggested that the 
impulses produced by chemical stimulation are conveyed by nerve fibres 


of small size. The graphs showing the distribution of the diameter groups 


indicate a large proportion of small fibres (fig. 1) and it is not improbable 


that some of these innervate chemoreceptors in the skin. Luther (1931 


has shown that the extremities of the crustacean limb are the principal 


receptive fields for the chemical sense. 


125 Sec, 


{25 Sec, 


Upper 


Fig. 3. Oscillograph records of sensory discharges in the crab’s limb 
record: two short discharges of large tactile impulses produced by bending the 
ventral hairs of the dactylus. These are superimposed on smaller impulses occurring 
persistently at low and irregular frequencies, probably from chemoreceptors, stimu- 
lated by evaporating sea water. Lower record (faster film and higher magnifica- 


tion): ‘‘Spontaneous”’ persistent impulses as above and at right a discharge of larger 
impulses from movement receptors in the joint produced by bending the limb 


In the present investigation only the sensory fibres were examined. 
The unique mechanism of peripheral inhibition complicates the study of 
motor fibres which will be the subject of further work. 

In conclusion it may be said that the histological measurements sup- 
ported by observations of the receptive fields for tactile stimulation and 
their associated reflexes indicate that the diameter of sensory nerve fibres 
has important physiological significance. Those movements which are 
executed rapidly by the animal involved reflex ares whose loci for stimula- 


2 The dactylus contains many sense cells. When vitally stained with methylene 


blue these resemble the ‘‘nerve endings’’ of Retzius (see fig. 2, A) 
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tion are innervated by sensory fibres of large diameter. It is clear the 


problem of nerve fibre diameter must remain in an unsatisfactory state 


until the position of the large and rapid fibres is determined with reference 
to the movements of the organism as a whole. It will be recalled that 
the large sensory fibres in vertebrates (proprioceptive) are those involved 
with reflexes which are constantly in action (maintaining posture). 


SUMMARY 


The rapid closing movement of the crustacean claw involves sensory 
fibres of larger diameter than those innervating the receptive fields for 
the slow opening reflex. 
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The mental well-being and the capacity for physical work are far supe- 
rior and nearer normal in the native of the altitude, as compared with a 
man born at sea level and who lives accidentally under such altered condi- 
tion of a low barometric pressure. It is logical to assume that the optimal 
physiological processes, which make possible for the organism to thrive 
favourably under a low oxygen tension, will be found in the study of the 
man whose adaptation represents a process of centuries. Then perhaps 
we will interpret, as it must be logically so, the failure of adaptation from 
the point of view of deviation from the physiology of the native of the 
altitude, and not from the physiology of sea level, as we do it today. 

A number of observations on certain of the blood characteristics of the 
Indian natives of the Peruvian Andes will be presented in this paper. The 
investigation was conducted in the town of Morococha, Peru, a mining 
town at an altitude of 14,890 feet, and with an average barometric pressure 
of 410 mm. Hg. Temperature variations in this place range from 0° to 
30°C, (23°C. being the average inside temperature in the laboratory). A 
few humidity observations made during the summer season gave values 
between 37 and 77 for relative humidity. The subjects studied have been 


carefully selected as normal men (not exposed to the dusty inhalation in 
the mines), from 18 to 76 years of age, with 88 per cent between 18 and 
49 years and with a general age average of 30 years. These men were 
natives of this town or born in neighboring places of about 10,000 feet 
elevation, and with a residence of at least a year in Morococha. In most 


cases the Indians examined had never been at sea level. 

Red cell count determinations. A number of observations have been made 
on the changes in the red cell count brought about by exposure to high 
altitudes. Practically all investigators agree in the statement that a poly- 
globulia (or erythrocytosis) is found in most residents of the altitude, and 

1 These investigations have been partly supported by the Medical Faculty of the 
University of San Marcos (Lima, Pert). 
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that it is also produced in individuals and animals shortly after being 
exposed to the low oxygen tension. 

We have determined the red cell count on 132 normal male natives 
described above. Bureau of Standard pipettes and double Levy chambers 
were used, and in every case two counts were made taking the average as 


TABLE 1 
Summary of the blood fin lings 


NUMBER COEFFI- 


OF STANDARD CIENT 
DETERMINATION VARIATIONS 
OBSER- DEVIATION VARIA- 


VATIONS TION 


per cent 


No red cells per 10° 6.6640 1.00+0.04 15.0 to 10.40 

Gms. Hgb. per 100 ce. 15.93+0 1.39+0.07; 8.7 to 18.9 

Corpuscular Hgb. y7 24.4+0 2.740.13) 11.6 to 31 

Hematocrit (R.B.C. %) 71.1+1.: 7.6+0.73 10.8 57 to 86 

Corpuscular volume. Cu. | 96.2+1.49 11.0+0.95 12.8 to 121 
micr. 

Corpuscular Hgb. concen- | 24.9+0.3: 09° 9.0 to 
tration % 

Blood viscosity 8. 6+0 y -0.10| 25.: to 

Blood coagulation time. 6.5+0.1: 05) 26.; 3.5 to 
Minutes 

Leucocyte count Per cu. |5,210+84.51,370+59.7 K to 9,100 
mm. 


AVERAGE ARIATIONS 


Serum viscosity 95 9 to: 
Plasma viscosity to 
Fragility of red cells 
Minimal hemolysis to 
Maximal hemolysis 2% to 
Van den Bergh reaction 
Plasma bilirubin, mgm. 
Leucocyte count 
Polynuclears % 
Lymphocytes 
Eosinophiles 
Monocytes 6.1 
Premyelocytes + in 28% of the cases 
Histiocytes + in 40% of the cases 


the final result. Table 1 presents the results obtained. The mean value 
is 6.66 +0.058 millions per cubic millimeter, which is a little more than a 
million higher than the average normal value at sea level (the series of 


observations made in this country by Osgood (1) in 1926; Wintrobe and 
Miller (2) in 1929, and most recently by Foster and Jhonson (3), who have 
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studied 352 normal male adults represent the most accurate basis for 
normal blood values at sea level. The average normal red cell count from 
these series is 5.50 millions per cubic millimeter). But we have to pay 
attention to a very interesting fact, and this is that 26 per cent of the people 
examined showed a red cell count below six millions, and about 11 per cent 
of them definitely lower than the normal average at sea level. So there 
is a considerable percentage of these natives who live at an altitude of 
almost 15,000 feet with a red cell count which would be considered normal 
at sea level. Necessarily we come to the important conclusion that 


although an increased red cell count is the most common finding at high 


altitudes, a normal sea level count is not incompatible with health in these 
high regions. 

The extreme values found in the red cell count determinations, from 
4.80 to 10.40 millions per cubic millimeter, indicate marked individual 
variations. The coefficient of variation is 15 per cent and the standard 
deviation 1 million which, compared with the 0.37 million obtained in the 
series of Foster and Jhonson (3), shows a higher variation in the erythro- 
cyte count at high altitudes as compared with sea level. 

There was no relationship between the red cell count and age. The 
average of the erythrocyte count was practically the same in young and old 
individuals. There was no relation either between the magnitude of the 
cell count and the bodily characteristics of the people examined. 

Hemoglobin determinations. Numerous investigations on the hemo- 
globin content of the peripheral blood appear to indicate that an increase 
of this substance is one of the compensatory processes to the low oxy- 
gen tension. 

Table 1 shows the results obtained in 100 determinations made on 
normal Indian natives. These determinations were made with the Sahli 
hemoglobinometer and the Newcomer colorimetric procedure, both stand- 
ardized several times with the oxygen combining power method of Van 
Slyke and Stadie (4). Most of the observations were made in the morning 
and with the subject in a resting condition. We see that the mean value 
of these 100 determinations is 15.93 +0.09 grams of hemoglobin per 100 ce. 
of blood, a value very slightly higher than the normal average at sea 
level (which is 15.75 grams according to the series of observations already 
mentioned). For practical purposes we may consider both values as being 
identical. In our series the median value is equal to the mean indicating 
that exactly half of the people examined have a higher value, and the other 
half a lower value, than the normal average at sea level. The variations 
range from 13.4 to 18.9 grams per 100 ee. of blood, a range which is almost 
equal to the one found at sea level (from 13.2 to 19.0 grams). 

These results immediately suggest the question: Is an increase in the 
hemoglobin of the circulating blood not an essential compensatory process 
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for adaptation at high altitudes? It has been assumed that the increase 
of hemoglobin functions to increase the oxygen content of the circulating 
blood, thus supplying oxygen to the tissues without a great diminu- 
tion in its tension. But late evidence appears to indicate that such a 
change is not as important as it has been considered. Summervell (5) 
found some natives at a high altitude with a low percentage of hemoglobin 
were far more efficient that European members of expeditions with a 
higher percentage. Cohnheim and Krelinger (6), and Gross and Kestner 
(7) reported a fall of hemoglobin at a high altitude, following strenuous 
physical activity, and although this occurrence may be explained by in- 
creased hemolysis, the fact remains that they were able to support the 
strain with a lower percentage of hemoglobin. Campbell (8), (9) con- 
siders the increase in this substance merely as a symptom, and the recent 
investigation of Dill, Edwards, Foéllig, Obert, Pappenheimer and Talbot 


TABLE 2 


Gaseous determinations in arterial blood (Oroya—12,200 feet) 


NON-RESIDENTS O02 O2 CONTENT Oz CAPACITY SATURATION 


8. per cent vols. per cent vols. per cent 


32.1 19.5 
31.2 21 

32.7 18 
31. 20.‘ 
32.% 20.8 


84 


(10) indicates no relation whatsoever between the degree of this increase 
and the symptoms of oxygen want. The Cerro de Pasco Expedition (11) 
concluded that the Indian natives of the Peruvian Andes have a lower 
saturation compared with the white residents and members of the expedi- 
tion. These observations were later confirmed by our studies (12) of the 
same natives at Oroya (12,200 feet elevation). The results obtained in 
our determinations are presented in table 2. We see here that a group of 
individuals, although of Indian race too, but who had previously been at 
sea level for quite a prolonged time, have an average arterial saturation of 
91.9 per cent as compared with 84.3 per cent obtained in two natives of the 
locality and who represent a maximum adaptation. Both the content and 
the oxygen capacity were lower in the individuals adapted to altitude. 

The low saturation of the arterial blood in these natives has also been 
demonstrated in our studies at Morococha. In three people examined the 


1 21.4 88.5 
2 22.1 94.0 
3 19.9 93.3 
4 21.6 92 1 
5 22.4 91.6 
NATIVES 
1 34.2 17.3 20.0 84.5 
2 30.5 16.5 19.2 ml 
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average oxygen saturation was 83.5 per cent, a result which is in very close 
agreement with the ones obtained at Cerro de Pasco and Oroya. If we 
know that the native lives at high altitudes with a lower saturation of his 
arterial blood, and with less circulating oxygen, as compared with the 
recent arrival, and yet is much more physically efficient than the latter 
we have great difficulty in accepting the assumption that an increase of 
hemoglobin is of great importance. 

The relationship between the red cell count and the hemoglobin is 
interesting and important. We have calculated the “mean corpuscular 
hemoglobin” (amount of hemoglobin in each red cell expressed in micro- 
micro grams yy) in the 100 people examined. The mean value of the 
corpuscular hemoglobin in these cases is 24.4 +0.183, which corresponds 


TABLE 3 


Erythrocyte counts and corre sponding averages 


AVERAGES 


NUMBER OF RED 


CELLS PER 10 
ELLS PER | Corpuscular Hematocrit Corpuscular 


Heb. per 100 ce. Hgb., y 7 RBC volume 


| grams per cent cu. microns 

50-4 .99 14.8 
00 14 
50 14 

00 
50 16 
00 17 
50 17 

C0 17.$ 76.6 


65.0 119 


68.3 


74.6 


to a color index of 0.84 taking 5.00 million red cells per cubic millimeter 
and 14.5 grams of hemoglobin per 100 ec. of blood as 100 per cent. Taking 


29yy as the average normal value at sea level, it appears that in these 


natives = red cell contains less hemoglobin (15 per cent reduction 


We will return later to the interpretation of this finding. The standard 
deviation of the corpuscular hemoglobin in our series is 2.7 +0.12977 
compared with 1.68 + 0.08 at sea level, showing a higher range of variation 
at high altitude. 

Normally at sea level there is a close correlation between the red cell 
eount and the amount of hemoglobin contained in each corpuscle. This 
correlation is inverse, that is, the higher the red cell count the lower the 
corpuscular hemoglobin. This correlation is also demonstrated at high 
altitude as we see in table 3. As the red cell count increases the corpuscular 


Hgb. con 
per { 

25.0 

25.0 

4 25.2 

23.8 

¢ 23.5 
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hemoblogin becomes consistently less. The correlation coefficient between 
the erythrocyte count and the corpuscular hemoglobin is — 0.7987 +0.067, 
a value even higher than that found at sea level (the correlation coefficient 
between these two characteristics calculated on the determinations of 
Osgood and Wintrobe and Miller’s normal series is — 0.6258 +0.043). 
From the corresponding regression equations’ the diagram of figure 1 has 
been constructed, and shows in a graphic form the corresponding values at 


=z 
] 
oO 


22 
CORPUSCULAR 

Fig. 1. Observed and calculated regressions for corpuscular hemoglobin and red 
cell count at high altitude. Lines ( ) are the means of the observed cor- 
puscular Hb arrays. AB is the corresponding regression line of corpuscular Hb 
on red cell count. Dots (.. ...) are the means of the observed red cell counts on 
corpuscular Hb. CD is the calculated regression line of red cell count on corpuscular 
Hb. XX gives the location on the corpuscular Hb scale of the mean of all 100 deter- 
minations. YY gives the mean of the red cell count of the 100 determinations. 
any level of the red cell count, at any value of cell hemoglobin, in these 
normal natives of high altitude. 

That the variations in corpuscular hemoglobin do not depend on the 
amount of hemoglobin per 100 cc. blood is shown by the correlation coeffi- 
cient between these two characteristics, which is only 0.0231 +0.067. The 
correlation ratio is also valueless. 

2 The corresponding regression equations are: 


Corpuscular hgb. = (—2.274 red cell count) + : 
Red cell count (—0.28 & corpuscular hgb.) + 1: 
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The close correlation between the red cell count and the cel 
which is found normally at sea level and at high altitudes must be far from 
an accidental finding. It is quite possible that it is related with the proper 


supply of the blood oxygen to the tissues. That this correlation is mor 


perfect at high altitudes, where the low oxygen tension is a 
this process, is quite significant and important. 

In table 4 we present the results obtained in gaseous determi 
six samples of blood, three corresponding to arterial and three 
blood. The technique used in these determinations was that of 


TABLE 4 


Gaseous determinations in arterial and venous blood 


> RATIO RATIO 

NUMBER CO oO CORE 

| capac-| com R 2 CAPACITY INTEN 
CELLS TENT ITY TENT HGB., | RED CELLS RED CELLS 


PER 10 YY 10° 10 


Arterial blood 


Average 


Venous 


Average. 
Normal at sea level 


21.0 38 .< 


and Stadie (4). In our three arterial determinations the average oxygen 
content was 21.4 volumes per cent, in close agreement with the normal sea 
level value of 21.0. The average oxygen capacity of 25.6 volumes per cent 
in the arterial blood is distinctly higher than at sea level, while in the venous 
blood 22.8 is in closer agreement. The increased oxygen combining power 
of the blood at high altitude may appear at first sight as indicating an 
increased amount of hemoglobin in each corpuscle, but we have calculated 


. vol. capacity per 1000 ee. blood . 
the ratio: : which will give the amount of 
Mill. red cells per cu. mm. 


$953 
ndicap for 
nations of 
to ven is 
\ in | V KE 

ols. per vols. per vols. per 
cent ent cent pe 
1 6.74 | 26.9 | 2.1 1 21.2 | 2.7 37.2 31.4 0 96 R2 9 
2 7.14 | 30.9 | 24.8 | 20.7 | 25.9 34.7 28 9 0.90 &] 2 
3 8.74 | 30.9 | 27.0 | 23.4 23.0 30.8 26.7 0.80 g5 2 
| 7.54 | 30.0 | 25.6 | 21.4 | 25.5 24.2 29 0 0 88 3 4 
blood 
] 5.87 22.4 28.4 38.1 0 99 
2 6.67 95.4 34.1 
3 8 17 23.4 21.3 IS 6 0.73 
5.50 21.1 38.1 95.0 
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oxygen that each cell may take on exactly the same scale of value as the 
corpuscular hemoglobin. We see that the average of this ratio in the ar- 
terial blood is 34.2 and 33.6 in the venous blood, or 10.7 per cent and 12.2 
per cent lower than the ratio at sea level which is 38.3. 

The lesser oxygen combining capacity per red cell is a further and final 
proof of the lesser amount of hemoglobin in each red corpuscle, as indicated 
in our direct hemoglobin determinations. The corpuscular hemoglobin 
calculated on the basis of these oxygen determinations falls below the nor- 
mal average at sea level. Table 4 also shows the inverse relation between 
the red cell count and the cell oxygen capacity, both in the arterial and in 
the venous blood, that is, the higher the count the less oxygen capacity, 
analogous to the relationship between the erythrocyte count and cell 
O» vol. content per 1000 ee. blood . — 
— is definitely 

Mill. red cells per cu. mm. : 
lower in the arterial blood at high altitude as compared with sea level 
(29.0 and 38.1 respectively). Thus the red cell of these natives comes to 
the tissues holding less oxygen in its hemoglobin. This is a very impor- 
tant point to take in consideration. 

The color:count ratio calculated by the formula of Peters and Van 
Slyke (13) also gives values lower than 1, corroborating again the dimin- 
ished hemoglobin content in each corpuscle. It shows the same striking 
inverse relation to the level of the red cell count. 

Red cell volume determinations. Determinations have been made in 25 
normal males with the Van Allen hematocrit tube. In every case two 
hematocrit tubes were filled, and a red cell count and hemoglobin determi- 
nation made simultaneously on the same sample of blood. The tubes were 
centrifugalized for over an hour in an electric centrifuge, and the average 
of the two determinations was taken as the final result. The hematocrit 
determinations made at high altitude are distinctly higher than those found 
at sea level. The mean value of these determinations is 71.1 +1.34 red 
cell percentage and the variations range from 57 to 86 per cent. The mean 
value of the corpuscular volume in this series is 96.2 +1.49 cubic microns, 
which compared with the normal average of 82.2 at sea level means an 
increase of 16 per cent. 

Some of our hematocrit determinations give unusual high figures which 
might be due to incomplete packing of the red cells on account of their 
large volume and the small bore of the hematocrit tube. In order to check 
the cell volume determinations we have measured directly the diameter 
of the red cells in dry stained smears obtained in 20 other normal unselected 
individuals. A minimum of 100 cells has been measured in each smear 
by means of a calibrated micrometer. The average result of these measure- 
ments was 8.04 microns with variations between 7.78 and 8.52 microns. 
Accepting Haden’s (14) investigation that a corpuscular volume of 92 


hemoglobin. The ratio: 
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cubie microns is equivalent to 7.7 microns diameter, we find that 8.04 


bears a close agreement to the mean value of 96.2 cubie microns obtained 


in the volume determinations. 


We have enough evidence from these observations to state that 


erythrocyte of the peripheral blood in these natives has a higher volume 


when compared with that of sea level. 
It has been demonstrated that each red cell contains less hemoglobin 
and therefore with the present evidence of a larger volume it follows that 
the corpuscular hemoglobin concentration must be low. That this is 
true is shown in table 1. The cell hemoglobin concentration has been 
calculated by dividing the corpuscular hemoglobin by the corpuscular 
volume and multiplying by 100. The mean value of the cell hemoglobin 
concentration is 24.9 +0.732 per cent as compared with 34.2 per cent 
the normal average at sea level. It is extremely interesting that this low 
concentration is jealously maintained at high altitude (as it occurs cor- 
respondingly at sea level), as shown by the standard deviation which is j 
only 2.2 +0.09, and the coefficient of variation which is 9 per cent, demon- 
strating the tendency for keeping always about one-fourth of the red cell 
saturated with hemoglobin, independently of the level of the erythro- 


cyte count. 

In order to maintain this same concentration there must be a close cor- 
relation between the red cell count and the size of the red cell, as was the 
case with the corpuscular hemoglobin. In table 3 we find this correlation 
strikingly demonstrated. It shows that with an increasing count the 
corpuscular volume becomes consistently less, in a manner proportional 
and analogous to the decrease in the cell hemoglobin, with the result that 


the concentration is kept about the same. 

On the basis of the different blood findings we have calculated several 
correlation coefficients and ratios which are given in table 5. The correla- 
tion between the red cell count and the corpuscular volume is quite definite 
The correlation is linear and the coefficient is —0.6015 +0.1348 which 
means that the size of the red corpuscle varies inversely with the cell 
number. With a high count the size of the erythrocyte tends to approach 
the normal sea level value. From the correlation coefficient the corre- 
sponding regression equations® have been calculated and represented in a 
graphic form in figure 2. The correlation between the hematocrit, or red 
cell percentage to plasma, and the corpuscular hemoglobin concentration 
is significant. The correlation is strictly linear and the coefficient of 
— 0.8954 +0.1348 denotes an almost perfect relationship between the two. 
A high cell proportion to plasma means invariably a lower corpuscular 


3 The regression equations are: 
Corpuscular volume = (—6.16 X red cell count) + 142.7 
Red cell count = (—0.058 & corpuscular volume) + 13.12 
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hemoglobin concentration. The narrow range of variation in the latt 
strictly related to the hematocrit figure. This correlation has such a 
value that we have investigated whether it also exists normally at sea les 
The result of this investigation (carried out on the figures given in the 
normal series of Osgood and Wintrobe and Miller) showed that this rela- 
tionship is also evident, though in a much less degree, in normal people 
at sea level. The correlation coefficient is —0.5059 +0.048, that is, lower 


than at high altitude. 


z 
3 
z 
ax 


40 100 
CORPUSCULAR VOLUME 

(cusic MICRONS 
Fig. 2. Observed and calculated regressions for corpuscular volume and red cell 
count. Lines ( ) are the means of the observed corpuscular volume arrays 
AB is the corresponding regression line of corpuscular volume on red cell count 
Dots ( ) are the means of the observed red cell count arrays. CD is the 
calculated regression line of red cell count on corpuscular volume. XX is the mean of 
the corpuscular volume in all 25 determinations. YY is the mean of the red cell 


count in the 25 determinations. 


To demonstrate graphically this correlation, both at sea level and at 
high altitude, the corresponding regression equations have been calculated. 
The diagram of figure 3 shows that the line of correlation between the 
hematocrit and the cell hemoglobin concentration is almost identical and 
parallel in both cases, with the only difference that at high altitude it is 
placed at a higher level of red cell percentage and at a lower hemoglobin 
concentration. 

From the above observations the erythrocyte of the circulating blood 
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may be represented schematically as in figure 4, that is, a bigger cell and 
with a diminished amount of hemoglobin and oxygen content. Such an 
arrangement of a larger surface area for the hemoglobin, and consequently 
for the oxygen, will undoubtedly favor the acquisition of oxygen and its 
unloading at tissue level, which is the fundamental and basic problem of 
altitude physiology. 

If the hemoglobin is superficially distributed on the surface of the 
red cell, as it has been affirmed by Brinkman and Szent-Gzorgi (15) and by 
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Fig. 3. Calculated regression lines for cell hemoglobin concentration on hemato- 
crit (R.B.C. per cent), at high altitude and at sealevel. AB is the calculated regres- 
sion line of cell hemoglobin concentration on hematocrit at sea level. NX gives 
the mean of cell hemoglobin concentration, and YY the mean of hematocrit determi- 
tions, both at sea level. (Calculated on the basis of Osgood and Wintrobe and 
Miller’s normal series.) CD is the calculated regression line of cell hemoglobin 
concentration on hematocrit at high altitude. X’X’ is the mean of cell hemoglobin 
concentration, and Y’Y’ the mean of the hematocrit determinations, both at high 
altitude. 


Emmons (16), such an arrangement is quite advantageous for oxygen inter- 
change. It is interesting to mention that Bareroft and his associates (11) 
in their investigations at Cerro de Pasco observed a definite increase in the 
oxygen binding property of the blood of these natives. 

Viscosity determinations. We have determined the viscosity of the blood 
in 113 normal Indian natives. The Hess viscosimeter was employed in all 


RBC % 
ALTITUDE 
‘ x 
| 
~ 
1S 
% 
65 | \ 
6 
x 
| 
$5 
\ 
4S | 
so | 
\ 
| \ 
3$ 
8 
8 20 22 24 % 28 30 2 3° % 38 40 “2% 


STUDIES OF THE BLOOD OF NATIVES AT HIGH ALTITUDE $99 


determinations, and distilled water used for comparison. The temperature 
of the room in which these determinations were made was always within 
17 and 23°C. 

The mean value of these determinations is 8.6 + 
between 5.2 and 15.2. The standard deviation is 2.2 +0.096 and 82 per 
cent of the results fall between 6.0 and 9.9 (the normal average at sea level 
is given as 5.1 with variations between 4.7 and 5.9). The viscosity of the 
serum and plasma has been determined in seven and nine cases respectively. 
The average value obtained for serum viscosity is 1.95 and all the results 
fall strictly within normal limits. The total serum proteins were deter- 
mined in 13 cases by means of the refractive index giving an average of 7.81 
grams per cent. It is interesting to mention that the viscosity of the 
plasma normally exceeds that of the serum 
by 0.2 to 0.3 while at high altitude this SEA LEVEL 
relationship is inversed. 

There was no relationship between the 
serum and plasma viscosity and the level 
of the red cell count. On the other hand 
there is an evident relationship between 
the erythrocyte count and the blood vis- 
cosity. The correlation is nonlinear as Fig. 4. Schematic representa- 


shown by the p n? — r? which is higher than _ tion of the normal erythrocyte at 
sea level and at high altitude 
The red cell at high altitude has 
a larger size (given by the total 
viscosity of the blood and the corpuscular circumference): it contains less 


0.138 with variations 


three times its probable error. It appears 
that there is no correlation between the 


hemoglobin. The increase in the viscosity hemoglobin (black and white 
of the blood found in all cases (but one) reas within radius), and it is 
must depend chiefly on the increased cell 
volume, as we have demonstrated that the face area for the hem sil le saat 
viscosity of the serum falls within normal oxygen content. 
limits. 

Fragility of the red cells. We have determined the fragility of the red 
cells in 14 normal Indian natives. The method employed was identical 
in all cases, using the same pipettes and solutions. Eight tubes of different 


area). The result is a larger sur- 


concentration hypotonic salt solutions were freshly prepared. Blood was 
taken from one of the arm veins with the subject in the prone position and 
after a prolonged rest. In each tube a similar sized drop of blood was 
placed, and the observation carried out in the first few hours to avoid 
bacterial growth. 

The average results of the fragility determinations are given in table 1. 
Five of the cases showed a minimal and maximal hemolysis at 0.38 and 0.28 


per cent respectively; five cases at 0.28 and%).20 per cent and finally three 


eases at 0.20 and 0.12 per cent. These observations indicate a definite 
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increased resistance of the red cells to hypotonic salt solutions, that is, a 
lesser tendency to hemolysis. 

There was no relationship between the fragility of the erythrocytes and 
the level of the red cell count. 

The constancy of these results seems to indicate that this increased 
resistance of the red cells is one of the definite characteristics in the blood 
picture of these natives. Although it will be quite impossible to account 
for all the factors which may have some relation to this increased resistance 
(a multiplicity of factors such as osmosis, surface tension, blood gases, 
temperature, cell volume, age of the cells, viscosity, ete., has been men- 
tioned to affect the fragility of the erythrocytes) it seems most likely that 
it is related to an active bone marrow which sends into the circulation 
young cells. The same observation has been discussed by Minot and 
Buckman (17) in cases of Polyeythemia Vera, and these authors call atten- 
tion to the fact that young cells do not necessarily mean reticulated cells. 
That the blood of these Indian natives shows definite evidence of bone 
marrow activity, and the presence of young cells in the circulation has 
already been demonstrated by the Cerro de Pasco Expedition (11) and 
Hurtado and Guzman Barr6én (18). 

It is interesting to mention that an increased amount of cholesterol in 
the blood has been related, by various observers, to an increased resistance 
of the red cells, but determinations of this substance in six normal natives 
gave values within normal limits. 

Bilirubin determinations. We investigated the Van den Bergh reaction 
in 12 normal Indian natives, and the quantity of the plasma bilirubin was 
determined in another eight cases. The average results obtained are 
presented intable 1. All observations have been made on plasma of venous 
blood taken with the necessary precautions. In 12 determinations the 
indirect Van den Bergh reaction was positive in 11 cases (91 per cent), and 
eight of them gave just a faint reaction but enough to be clearly appre- 
ciated. In three cases the reaction was more intense and in one case re- 
sulted negatively. There was no relationship between this reaction and 
the red cell count, or the fragility of the red cells. 

Accepting 0.5 mgm. per 100 ce. of plasma as the highest limit for the 
normal amount of bilirubin at sea level, we observed that six out of the 
eight cases in whom an actual determination of bilirubin was made, gave 
results slightly higher than the normal average. The highest increase 
obtained was 1.1 mgm. and the average of all determinations was 0.7 mgm. 

The almost constant positive indirect Van den Bergh reaction and the 
finding of an increased amount of bilirubin in the blood plasma of these 
natives, suggest that the rate of cell destruction is somewhat marked. At 
high altitude there is, as a rule an increased production of red cells by an 
active bone marrow, and opposed to this process, which if left undisturbed 
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would result in a quite pathological concentration of cell 

there is an increased rate of destruction with the possible r6le of com- 
pensating such an increased activity. That the reticulo-endothelial sy- 
tem is overactive at high altitude is suggested by the presence of cel] 
belonging to this system in the peripheral blood, as we will see later. 

We have investigated the presence of urobilin in the urine by the spectro- 
scopic method. In 20 specimens of urine, obtained from an equal numbe 
of normal men, we found in 19 of them a very faint trace of this pigment 
The constancy of finding urobilin in the urine seems to exclude the ice 
that it may be due to liver dysfunction. In a whole year of the medical 
clinic at the hospital in Morococha we found but a very few cases of clinical 
liver insufficiency. In order to have further evidence on this matter we 
made a liver function test in three natives (all of whom had a positive 
indirect Van den Bergh reaction in the plasma and a faint trace of urobilin 
in the urine). Two milligrams of tetrabromosulphonphthalein per kilo body 
weight were injected intravenously, and after half an hour no trace of this 


dye was found in the plasma, indicating a normal removal by the liver cells 


In all probabilities the slightly positive finding of urobilin in the urine of 
these natives is explained on the basis of the increased production of 
bilirubin. Urobilin has also been found in the urine in cases of Polyey- 
themia Vera (17) without evidence of liver dysfunction. 

Coagulation time of the blood. The coagulation time of the blood was 
determined in 95 normal Indian natives. A drop of a freely flowing blood 
from a deep skin puncture was placed on a clean slide observing the clot 
formation every half a minute. Although quite a simple procedure it 
gives consistent results when carefully done. Normal values with this 
method are given within 7 and 9 minutes. 

The mean value of these 95 determinations is 6.5 +0.120 minutes, with 
a standard deviation of 1.7 +0.048 minutes, and a rather large coefficient 
of variation of 26.3 per cent. The variations range from 3.5 to 13 minutes, 
but 82 per cent of the results fall between 4 and 7.5 minutes. The mean 
value of 6.5 minutes is slightly lower than the normal average at sea level, 
but the difference is so small that we may only say that there is a tendency 
for a rather short coagulation time at high altitude. ‘This tendency may 
be due to the increased viscosity of the blood, as it has been said that the 
greater the viscosity the less the coagulation time. The correlation coeffi- 
cient between the coagulation time and the blood viscosity is low, but 
slightly above three times its probable error and with a negative sign 
which means some inverse correlation between these characteristics 
There is no correlation between the coagulation and the level of the red 
cell count. 

Leucocyte count and formula. The leucocyte count has been determined 
in 120 normal Indian natives. The determinations were made in the 
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morning, and standard pipettes used. The average of two counts was 
taken as the final result in every case. 

The results varied between 2,300 and 9,300 white cells per cubic milli- 
meter, with a mean value of 5,210 +84.5. Eighty-seven per cent of the 
determinations fell between 3,000 and 6,900 cells. These results indicate 
that the white cell count in these natives varies within normal limits but 
with a tendency to be low. There was no correlation between the red 
cell count and the white cell count. 

The leucocytic formula* was determined in 53 normal Indian natives 
and the average formula from these determinations is given in table 1. 
The average of the polynuclear cells fell within the normal limits of sea 
level. More detailed study showed that in 32 per cent of the cases the 
percentage of these cells was above the normal upper limit (75 per cent), 
and in 6 per cent below the normal limit (55 per cent). It appears to be a 
frequent occurrence to find a relative polynucleosis at high altitudes. 

The average of the lymphocytic cells also fell within normal limits com- 
pared to sea level values. But in 17 per cent of the cases the percentage 
was above the normal upper limit (35 per cent), while in 19 per cent of the 
cases it came below the lower normal limit (15 per cent). There seems to 
be an equal tendency for a relative lymphocytosis, or a low percentage of 
lymphocytic cells. 

A decrease in the eosinophilic cells appears to be evident from this study. 
The average value of 0.3 per cent is quite low and in 75 per cent of the cases 
no cells of this type were found in the routine count of the leucocytes. 

The monocyte average percentage is equal to the sea level normal value. 
In 26 per cent of the cases there was a higher result than the upper normal 
limit (8 per cent), and in 32 per cent it came below the lowest normal limit 
of 3 per cent. In the cases with a high percentage of monocytes a con- 
siderable increase was sometimes found: in one case 18 per cent and in 
another case 24 per cent. 

In 15 cases, or 28 per cent, very young or immature polynuclears were 
found. They are probably related to the overactive bone narrow. In no 
case nucleated red cells were observed. 

The presence of histiocytes in the peripheral blood is an interesting fact. 
These cells were found in 21 cases, or 40 per cent, and their number varied 
between 1 and 7 cells per 100 leucocytes. There is some evidence to indi- 
cate that the histiocytes are cells derived from the reticulo-endothelial 
system. Their presence in the peripheral blood is considered to be a sign 
of alteration or overactivity of this system (Dameshek, 19). We may cor- 
relate this finding with the increased production of bilirubin and with the 
not uncommon high monocytic percentage in the leucocyte count. 


4 The writer is indebted to Dr. A. Guzman Barrén for the determination of the 


leucocytic formulae. 
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SUMMARY AND CONCLUSIONS 


A number of observations on certain of the blood characteristics of the 
Indian natives of the Peruvian Anaes have been presented in this work 
The investigation has been conducted in the town of Morococha, Peru 
an altitude of 14,890 feet, and with an average barometric pressure 
410mm. Hg. The subjects studied have been carefully selected as norma 
men, and the results obtained suggest the following conclusions 

1. Observations on the erythrocyte count gave an average increase 
about a million red cells per cubic millimeter over the sea level norma 


value, but a considerable percentage of these natives live with a red cell 


count which would be considered normal at sea level. This finding indi- 
cates that an increase in the erythrocytes of the circulating blood, although 
the common finding, is not an essential adaptation process for normal life 
at high altitudes. There is no relationship between the red cell count 
and age or body measurements. 

2. The average number of grams of hemoglobin per 100 ce. of blood 
has almost the same value as the normal average at sea level. In only 
50 per cent of the cases was a higher result obtained. 

Each red cell at high altitude contains less hemoglobin, as compared 
with the normal erythrocyte at sea level, but the corpuscular hemoglobin 
is not a fixed characteristic: it varies inversely with the level of the red 
cell count, that is, the higher the count the less hemoglobin in each cell 
and vice versa. 

Oxygen determinations in arterial and venous blood verify these find- 
ings, and indicate that the red cell comes to the tissues with a lower 
oxygen content as compared with the erythrocyte at sea level. 

3. There is a marked increase in the hematocrit (RBC per cent), and it 
is proportionally greater than the increase in the red cell count, with the 
result that each erythrocyte has a larger volume (as compared with the 
normal corpuscle at sea level). Again the corpuscular volume is not a 
fixed characteristic: it varies inversely with the level of the red cell count. 

The larger size of the erythrocytes has also been confirmed by direct 
measurement of its diameter. 

4. The diminished amount of hemoglobin in a larger corpuscle gives a 
lower value for the concentration of that substance in relation to the volume 
of the cell. Only about one-fourth of the erythrocyte is saturated with 
hemoglobin. Equal and parallel changes in cell volume and hemoglobin, 
under the influence of variations in the red cell count, keep remarkably 
constant such concentration. 

There is an almost perfect inverse correlation between the hematocrit 
(RBC per cent) and the hemoglobin concentration in each red cell. 

5. The above findings suggest that the adaptation processes to the high 
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altitude, from the point of view of blood morphology, are to be found not 
primarily in red cell count and hemoglobin increases, as it has often been 
remarked, but rather in a fine and close correlation between cell number, 
volume and hemoglobin, and in the existence of a larger surface area in a 
given volume of blood and in the individual erythrocyte for the hemoglobin 
and oxygen content, factors which would favour the proper supply of this 
gas to the tissues, this last process being perhaps the basic and fundamental 
problem at high altitude. 

6. The viscosity of the blood is definitely increased, whereas that of the 
plasma and serum remains strictly normal. 

7. The red cells show a marked increase in the resistance to hemolysis. 
This is most likely related to the presence of young erythrocytes produced 
by the overactive bone marrow. 

8. A positive indirect Van den Bergh reaction was obtained in most 
cases examined, and actual determinations of the plasma bilirubin gave 
results slightly above normal. This finding may be related to an increased 
rate of cell destruction, perhaps a compensatory process to balance the 
increased formation of red cells. 

9. The blood coagulation time has a slight tendency to be shortened at 
high altitude. It has some inverse relation to the degree of the blood 
viscosity. 

10. The average leucocyte count in these natives is essentially normal, 
but with a tendency to be low. 

11. The average leucocytie formula falls within normal percentages of 
sea level values, with the exception of a decrease in the eosinophiles. Not 


infrequently a relative polynucleosis and monocytosis is found. 

Young polynuclears cells are frequently observed. In a considerable 
number of cases histiocytes are found in the peripheral blood, indicating 
perhaps an overactivity of the reticulo-endothelial system. 
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The purpose of this research was to study the effect of graded muscular 

exercise upon the glycogen content of the muscles of dogs. Several studies 
of a similar nature have been carried out previously. Rogozinski (1906) 
found that after 18 days’ training the glycogen content of the muscles of 
2 dogs was not above ‘“‘normal.’”’ His controls were animals receiving the 
same food and care, but no training. Embden and Habs (1927), using 
rabbits, made very extensive investigations of the glycogen in the muscles 
of legs exercised by faradic stimulation of the corresponding sciatic nerve. 
Glycogen determinations made on the corresponding muscles of the oppo- 
site, unexercised leg provided control values. The results of these experi- 
ments show that the discrepancy between the glycogen content of the 
trained and untrained muscles increases progressively from the commence- 
ment of the training period. Hoffmann and Wertheimer (1927) reported 
that the glycogen content of denervated muscles is increased by electrical 
stimulation of the muscle, even though atrophy occurs. Palladin and 
Ferdmann (1928) confirmed the findings of Embden and Habs, using the 
same species of animal and the same method of training. 
+ The experiments of Embden and Habs, which we have had no difficulty 
in repeating, are very complete and the results are clear cut. These 
results establish the fact that the glycogen content of skeletal muscles can 
be increased by the procedure they used. It was thought, however, that 
it would be of interest to investigate the same phenomenon in animals 
trained under more physiological conditions; that is, when the animals 
exercised themselves by natural muscular movements. 

Metuops. Strong, healthy dogs were trained to run on three legs by 
tying one of the hind legs loosely, by means of a tape, to a strap about the 
animal’s abdomen. The animals very quickly learned to run easily on 
three legs, the fourth being held in the characteristic position seen in a lame 
dog. Little or no tension was exerted on the tape holding the fourth leg. 
The exercising took place in a wooden wheel about 5 feet in diameter. 
This wheel could be turned by a motor, but the animals generally propelled 
it by their own movements. The exercise periods, of about 30 minutes’ 
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length, were repeated 4 to 6 times each day for a total training period of 
from 7 to 42 days. When not in the wheel the animals were free to run 
on all four legs in roomy cages. 

Twenty-four hours after the end of the training period the animals were 
gently anesthetized by intravenous injection of sodium amytal. Several! 
muscles of both hind legs were carefully removed. Duplicate samples of 
2 to 5 grams were taken from each muscle for glycogen determination by 
Pfliiger’s method and about 1 gram was used for estimation of dry weight 
Bilaterally symmetrical muscles were removed practically simultaneously 
and the samples were immediately dropped into hot KOH. 

The glycogen content of the muscles of the unexercised leg furnish control 
values since, as first shown by Cramer (1888), the glycogen content of the 
bilaterally symmetrical muscles is very nearly identical under norma! con- 
ditions. Illustrations of this close relationship are available in the work 
of Best, Hoet and Marks (1926) and of Embden and Habs (1927). As a 
result of a large number of determinations which we have made it has 
been found that the glycogen contents of bilaterally symmetrical muscles 
usually do not show differences of more than 10 per cent, and never more 
than 20 per cent in normal, healthy dogs. A difference of more than 20 
per cent can therefore be considered as significant. The error of the glyco- 
gen method is not greater than 10 per cent. 

We have checked the possible effect of long indoor confinement upon 
the animals by training dogs which had been in the laboratory several 
months, as well as those which had been in for only a short time. All 
animals were fed on dog biscuits. While it is very difficult to measure the 
maximum ability of a laboratory animal to perform work, it was perfectly 
obvious that all the dogs were able to run more efficiently as a result of the 
training. It is our opinion that the animals trained for the longer periods 
were in excellent condition, well trained and willing to work. 

EXPERIMENTAL RESULTS. Many of the muscles of the hind leg do not 
seem to be affected by the type of exercise employed in the investigation. 
Several of the muscles of the thigh have a large fat content which interferes 
with accurate determinations of glycogen. Others cannot be removed 
easily and rapidly. Considering these factors, but more particularly the 
character of the exercise, we chose the tibialis anticus, the gastrocnemius, 
the rectus femoris and the vastus lateralis as the most suitable muscles 
for our study. After examining a cinematographic record of an exercising 
animal, Professors Watt and Cates of the Department of Anatomy, who 
were not familiar with the results we had already obtained, concluded that 
the muscles mentioned above should be most affected by the work per- 
formed. Of these muscles the one giving the most consistent results is 
the rectus femoris. The vastus lateralis in most instances showed 
practically the same changes as the rectus femoris. The results of the 
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analyses of the rectus femoris and the vastus lateralis are included in 
table 1. The change in the tibialis anticus was almost always in the same 
direction, but to a lesser extent than that of the rectus femoris. The 
gastrocnemius sometimes showed a large increase in the glycogen content 


TABLE 1 
Effects of training period of from 7 to 42 days on muscle glycogen 
Glycogen content as percentage of wet weight 


DIFFERENCES 
DAYS OF UNTRAINED TRAINED 


EXPERIMENT 
TRAINING MUSCLE MUSCLE 


Found | Percentage 


Recti femoris 


52 

09 
0.78 
1.13 
0.32 


Vasti lateralis 


13 1.98 
02 1.33 
72 1.05 
66 0.65 
42 1.51 
84 1.38 
10 1.28 
44 0.32 


— 


wwe 


or 


of the trained muscle, but the results were on the whole more irregular 
than in the other cases. 

No values for dry weights are included, as in confirmation of other 
workers we have not found that a period of training produces any signifi- 
cant change in the water content of muscles. 


In the accompanying table the glycogen contents of exercised and un- 


exercised muscles taken from animals which had been trained for periods of 


/ 

A 7 7 0.76 1.09 0.33 43.5 

D 1 7 1.16 2.16 1.00 86.0 

A 3 10 0.61 0.88 0.27 44.5 

A 5 10 0.90 1.19 0.29 32.0 

A 2 10 1.00 2.15 1.15 115.0 

D7 12 1.08 1.37 0.29 27 .0 

D3? 14 0.88 1.21 0.33 37.5 

A 6 16 1.18 2.14 0.96 81.0 

D8 21 0.57 0.70 0.13 23.0 

D4 23 1.54 1.79 0.25 16.0 

D 5 24 0.96 0.54 58.5 

A 10 31 1.09 0.00 0.0 

Al 35 0.72 0.06 8.5 

D 3 42 1.16 0.03 —2.6 

A 15 42 0.33 0.01 —3.0 

7 l 0.85 75.0 
12 1 0.31 31.0 : 

14 0 0.33 46.0 

I 21 0 0.01 

I 23 1 0.09 6.3 

I 24 0 0.54 64.0 

I 42 1 0.18 16.3 

7 42 0 0.12 —26.5 


GLYCOGEN WITH PHYSICAL 


CHANGES IN MUSCLE 


7 to 42 days, are given. The results confirm, in certain respects, the 
work on rabbits. Training periods up to 15 or 16 days cause an 
appreciable and often striking increase in the glycogen content of 1 


trained muscles. They suggest, in addition, that with continued training 
the differences between the trained and untrained muscles tend to disap- 
pear, so that when the training period has been extended to 5 or 6 weeks, 
the glycogen contents of the muscles are in some cases as similar as they 


} + 


were before training commenced. ‘The figures also suggest that the dimi- 
nution and final disappearance of the difference in glycogen content be- 
tween trained and untrained muscles is brought about by a return of 
glycogen of the trained muscle to the pre-training level. The results 
indicate that there may be a rather broad optimum period of training for 
the accumulation of glycogen in the muscles. It is clear that in the case 
of the rectus femoris muscle training periods up to 16 days show in every 
case increases in the glycogen content of the trained muscle. ‘These 
increases are from 1} to 5 times as large as differences ever found in 
healthy, normal animals. As the training period is extended beyond 16 
to 20 days, the differences between trained and untrained recti, with one 
notable exception, become less than that exhibited by the muscles of other 
animals at the end of a shorter period of training. In the four animals 
whose training periods varied from 31 to 42 days, the increases have 
entirely disappeared, and both trained and untrained muscles show an 
equal and relatively low glycogen content. More consistent results 
might have been secured if animals of uniform type, age and aptitude for 
the work had been available. 

In certain cases an attempt has been made to determine the buffering 
power of the trained and untrained muscles. The technique elaborated 
by Irving and his collaborators in this laboratory has been used. ‘The re- 
sults suggest that the trained muscles may have a greater buffering capa- 
city, but further work is necessary to determine the significance of the 
changes. No significant difference in the phospho-creatine contents of 
the trained and untrained muscles has been detected under the conditions 
of our experiments. Ferdmann and Fernschmidt (1929) have reported 
that the phospho-creatine of the recti femoris muscles of rabbits may be 
increased by the training procedure used by Eembden and Habs (1927). 


SUMMARY 


Dogs exercised for from two to three weeks show a considerable increase 
in the glycogen content of certain of the trained muscles. The results, 
in the case of the rectus femoris muscle, suggest that there may be an 
optimum period of training for the accumulation of glycogen. Since 
muscles trained for longer periods, in which there is no increase in glycogen, 
appear to retain their increased ability to perform work, a raised glycogen 


510 H. A. PROCTER AND C. H. BEST 


content of skeletal muscle does not appear to be an essential factor in the 


increased efficiency which results from training. 
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Aside from the interest in fundamental considerations of the process of 
growth, observations of increasing rates of development have a practical 
bearing upon biochemical studies involving the use of laboratory animals. 
The albino rat is currently employed in investigations of widely varied 
character including pharmacological and vitamin assays, determination 
of the biological value of foodstuffs and metabolism. In many studies of 
this nature the main, if not the only, criterion of response to the experi- 
mental conditions imposed, is the rate of growth. If the optimal develop- 
ment of this species is a changing feature of its biometry, it is obvious that 
each experiment should contain its own so-called control. The ‘“‘normal” 
curve of growth is not fixed but, as will be shown later, apparently changes 
with nutritive conditions and, possibly, with genetic factors. 

The records of the optimal rates of growth of the laboratory rat indicates 
a definite upward trend. In 1906 Donaldson, Dunn and Watson pub- 
lished data showing that the average weight of the male albino rat at 100 
days of age was 165 grams. Nine years later King (1915) demonstrated 
that at this age animals of the same sex weighed 200 grams. Within the 
next thirteen years Smith and Bing (1928), using rats originally derived 
from the Wistar Institute strain, observed an average weight of 315 grams 
in males 100 days old. Similar records of increased rates of growth in 
various other stock colonies at the present time indicate that this change in 
development is a general phenomenon for the albino rat. 

Unusually rapid development was demonstrated in a smaller number of 
rats by Osborne and Mendel (1926). The ration, consisting of purified 
food materials, was adjusted so that the proportion of protein was increased 
and liberal allowances of adjuvants such as liver, dried yeast and lettuce 
were provided. Whereas the previous record time for increase in body 
weight from 60 to 200 grams had been 63 days, fourteen of these rats 


1 The expenses of this investigation were shared by the Connecticut Agricultural 
Experiment Station and the Carnegie Institution of Washington, D. C. A prelimi- 
nary account of this study was presented to the National Academy of Sciences in 
New Haven, November 17, 1931. 
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showed this change in weight in an average time of 26 days. Later it was 
stated (Mendel and Cannon, 1927) that the average time required for 20 
of the best of these rats to grow from 60 to 300 grams was 46 days, an aver- 
age daily gain of 5.3 grams. The present report records the most rapid 
growth of the albino rat yet observed as far as we are aware. It is of 
particular significance because the animals were of the same strain and 
were housed in the same room in the biochemical laboratory of the Connect- 
icut Agricultural Experiment Station as were those of Osborne and Mendel 
(1926). Heredity and environmental conditions, except for the ration, 
were therefore the same. 

The animals used for this study were males obtained from parents which 
formed part of an extensive breeding investigation. A large proportion 
of the young weighed from 40 to 55 grams at weaning (21 days of age). 
For the rapid growth experiment, individuals were selected from the lower 
portions of the range in body weight as well as from those with the higher 
weights. The rats were kept in separate cages and the care conformed in 
general to that discussed by Smith, Cowgill and Croll (1925). 

Food and water were given ad libitum. The following dry ration? (97 
per cent) was mixed with 3 per cent cod liver oil: linseed oil meal 15 per 
cent, corn meal 20 per cent, ground malted barley 10 per cent, red dog flour 
22 per cent, dried skim milk 12 per cent, oat flour 15 per cent, soluble blood 
meal 3 per cent, sodium chloride 1 per cent, ground limestone 1 per cent, 
steamed bone meal 1 per cent. The moisture content of the air-dry 
mixture was 57 per cent, the protein® 22.1 per cent and the calcium 0.92 per 
cent. In addition a paste food containing whole milk powder 25 per cent, 
casein 25 per cent, wheat embryo 20 per cent and lard 30 per cent was 
freely available at all times. The moisture content of this air-dry food 
was 2.2 per cent, the protein* 34.9 per cent and the calcium 0.27 per 
cent. Each rat received 20 grams lettuce per diem and 3 grams dried 
yeast twice a week. Because of the mealy character of the dry ration 
and the consequent spilling, the food intake records are not considered 
accurate. In view of the analyses of the foods, it appears that the animals 
consumed somewhat more protein than is contained in the ordinary ade- 
quate experimental rations. In general, the best records of growth ob- 
served by Osborne and Mendel (1926) were made by the animals on the 
higher protein intakes. Besides the liberal allowance of calories and pro- 
tein, our experimental diet provided an abundance of vitamin supplements 
and mineral salts. 


? Calf meal approved by the College Feed Conference Board and marketed by the 
Coéperative G. L. F. Exchange, Inc., Buffalo, N. Y. See Maynard, L. M., Science 
71, 192, 1930. 

3 These values are calculated from the total nitrogen of the air-dry material using 
the factor 6.25. 
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The data for the rates of growth of the rats in the present experiment 
presented in table 1. The number of days required to make a given in- 
crease in body weight as well as the average daily gain in weight are given. 


It should be emphasized that in each of the selected periods of growth, the 
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record of all of the rats then living have been used in the statistical 
evaluation. In tables 2 and 3 comparisons are made between the growth 
rates of these animals and the twenty rats studied by Mendel and Cannon 
(1927) which had been selected from a larger group because of their rapid 
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TABLE 2 


COEFFI- 


NUMBER | MEAN CIENT OF PROBABLE peat 
OF RATS VARIA- ERROR 


11.16 | +0.38 | Anderson-Smith. 
7.65 | +0.30 | Calculated from 
data furnished 
by Prof. L. B. 
Mendel 


From 60 to 300 grams body weight 


18.29 +1.10 | Anderson-Smith. 
4.24 +0.50 | Calculated from 
| table 1, Mendel 
and Cannon, 1927 


From 60 to 400 grams body weight 


+15.19 22.00 | +2.35 | Anderson-Smith. 

+16.75 17.61 | +3.23 | Calculated from 
data furnished SR 
by Prof. L. B. 
Mendel 


From 60 to 500 grams body weight 


12 102.4 +22.48, 21.95 | +4.51 | Anderson-Smith 


o (Standard deviation) = 
n 
o X 100 
mean 


0.6745 
PE (Probable Error) = ———. 

Vn 
PE» (Probable Error of Difference) = \/(PE mean 1)? + (PE mean 2)?. 


Coefficient of Variation = 


SR (Significance Ratio) = ——. 
PEp 

d? = sum of deviations from mean, squared. 

n number of observations. 

D = difference between means. 


development and which, up to the present, had shown the most rapid rate 
of growth recorded for this species.* 


‘ We are indebted to Professor L. B. Mendel for unpublished data bearing on the 
growth of these rats. 


Time required for increase in body weight of albino rats 
: 
TION 
From 60 to 200 grams body weight 
21 23.3 +2.55 D = 2.6 
20 25.9 +1.98 PEp = +0.48 
SR = 5.4 
21 41.1 +7 .52 D = 47 
20 45.8 | +3.33 PE, = +1.21 
SR = 3.9 
19 69.1 = 26.0 
12 95.1 > = +4.08 
= 6.4 
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The time required to make the increases in body weight of 140, 240 and 
340 grams was, in every case, less for the rats of the present study than for 
those of Mendel and Cannon. Likewise the daily gain was greater for the 
former group. In all comparisons the significance ratio was of such mag- 
nitude that there is no doubt that, measured by the criteria employed, the 
rats of the present study are definitely superior to the best group on record 
up to this time. As an example of extraordinary gain in weight under 


TABLE 3 


Daily gain in body weight of albino rats 


COEFFI- 
NUMBER CIENT OF PROBABLE 
GAIN SOURCE OF DATA 
OF RATS PER DIEM VARIA- ERROR 
TION 


From 60 to 200 grams body weight 


+0.10 | Anderson-Smith. D 

| +0.06 | Calculated from PE, 
data furnished | SR 
by Prof. L. B. 
Mendel 


From 60 to 300 grams body weight 


| +0.90 | 15.00 | +0.13 | Anderson-Smith. 

| +0.40| 7.55 | +0.06 | Calculated from 

table 1, Mendel 
and Cannon, 1927 


From 60 to 400 grams body weight 


19.62 | +0.16 | Anderson-Smith. 

20.27 | 40.15 | Calculated from 
data furnished 
by Prof. L. B. 
Mendel 


From 60 to 500 grams body weight 


12 | 4.5 | £0.99 | 22.00 | 40.198 Anderson-Smith. 


laboratory conditions without recourse to growth stimulants other than 
those in the diet, the performance of rat C3120 can be cited. During the 
four weeks following weaning (21 days of age) this individual grew at the 
rate of 8 grams a day; for the last half of this period the rate was 9.5 grams 
aday. This rat weighed 282 grams at 49 days of age, whereas the maxi- 
mum weight attained by males in the rapidly-growing colony studied by 
Smith and Bing (1928) was 205 grams at this age. 
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In tables 2 and 3 it is evident that the variability of the data is less for 
the rats of Mendel and Cannon than in those of the present experiment. 
This is probably accounted for by the fact that the former group represents 
individuals purposely selected for their rapid growth. The superior per- 
formance of the present series of animals is thereby accentuated inasmuch 
as it is based upon purely random sampling of data. 

Attention is called to the maintenance of rate of growth at a high level 
throughout the first and second period in both groups of animals. Fur- 
thermore, in the rats of the present study, the average gain per diem from 
60 to 400 grams was maintained in the remarkable value of 5.2 grams and 
in this interval only two individuals had ceased to contribute to the 
average. In view of the fact that increase in body weight ordinarily di- 
minishes in these upper ranges, the conclusion might be drawn that when 
the nutritional environment is made more favorable, there is a tendency 
for the self-inhibitory stage of development to be postponed. 

When after growth has been suppressed through a dietary deficiency, 
the ration is made satisfactory, growth is frequently resumed at an ex- 
ceedingly rapid rate. The greatest average daily rate of such “growth of 
recovery” recorded by Mendel and Cannon (1927) was 7.6 grams over an 
interval of 14 days, duriag which time the rat increased in body weight 
from 86 to 192 grams. In our group of animals the maximum average 
daily rate of groowth—from 148 grams to 282 grams body weight—was 9.5 
grams over a period of 14 days. It thus appears at present that under 
optimal nutritive and other environmental conditions, the extremely rapid 
gains frequently observed during realimentation are not necessarily un- 
attainable under conditions of uninterrupted growth. 

Mendel and Cannon (1927) showed that the records for growth made 
by their animals compared favorably with those published by Evans 
(1923-24) and obtained with rats which had received injections of hypo- 
physeal extracts. In a recent study Bryan and Gaiser (1932) have facili- 
tated growth both by administration of pituitary extract and by feeding 
rations known to favor rapid development. Young male rats were in- 
jected with an extract of the anterior pituitary; daily doses varying pro- 
gressively from 0.5 to 2.00 ce. were given intraperitoneally. One group 
of rats was maintained on one of the rations employed by Osborne and 
Mendel (1926) in their study of rapid growth while a second group was 
given a ration composed of whole milk powder, ground wheat and minerals. 
The growth on the former diet was superior but in both cases the injected 
animals grew more rapidly than the non-injected controls. The average 
daily rate of growth from 60 to 200 grams shown by fifteen of the best 
growers selected from the animals on the. better ration was 6.1 grams with 
the maximum at 7.4 grams. In the present study the average daily gain 
for 21 unselected rats without growth stimulants other than those in the ration 


FURTHER OBSERVATIONS OF RAPID GROWTH IN RATS 


was likewise 6.1 grams with a maximum of 7.4 grams. Bryan and Gaiser 
(1932) state that “‘the data at hand seem to indicate that the maximum 
daily increase in weight of which a young male rat is capable over a con- 
siderable period of days lies in the neighborhood of six or seven grams.”’ 
We call attention to rat C3120 in our series which for 28 days following 
weaning maintained an average daily gaia of 8.0 grams and for the last 14 
days of that time increased 9.5 grams per diem in body weight. It thus ap- 
pears that the limit of growth has not yet been reached, especially if the 
growth-promoting substance of the pituitary should be used in conjunction 
with more favorable rations and improved strains of rats. 

The maximum body weights and the age at which they were attained 
are given in table 1. At the present time four of the rats are still growing. 
Rat C3397, at 231 days of age weighs 737 grams; no. C3407 at 238 days of 
age, 620 grams; no. C3264 at 266 days of age weighs 595 grams and rat 
C3544 at 158 days of age weighs 658 grams. Whereas it appears that the 
circumstances favoring a rapid rate of growth also induce a high maximum 
body weight, the data summarized in table 1 lead to the conclusion that, 
under the experimental conditions herein described, there is little, if any, 
correlation between weight at weaning and either rate of growth or maxi- 
mum body weight attained. For instance, rat C3397, one of the largest 
specimens produced in this colony, which grew from 60 to 500 grams body 
weight in only 71 days and at 231 days weighed 737 grams, weighed 44 
grams at weaning, a value at the lower range of body weights selected for 
this experiment. Conversely, some of the animals whose weights at 
weaning were in the upper range, did not excel in either rate of growth or 
final weight attained. These observations are not in harmony with those 
made by Hanson and Heys (1927). These investigators showed that the 
body weight of rats at birth and up to 20 days has an influence upon the 
weight at 100 days. However, it is recognized that the number of animals 
employed in the present study is too small to draw general conclusions 
applying to the species. Furthermore, the minimum weight at weaning 
of the present group of rats would be considered superior for many colonies. 

Seasonal variation in growth has been observed by Hanson and Heys 
(1927). The male rats grew somewhat better in the fall months than at 
other times of the year. The diet was the Wistar Institute cooked food 
supplemented with lettuce and dog biscuit. On the other hand, Wu and 
Chen (1929) could demonstrate a difference only on their so-called vege- 
tarian diet, growth being better in summer than in winter; on a ration 
containing a liberal proportion of whole milk powder, no seasonal varia- 
tion was observed. In the present study all but two of the rats were born 
in May and June. The most rapid growth of the group as a whole took 
place, therefore, during the months of June, July and August, a season 


‘ 


which, according to Hanson and Heys (1927), is least favorable. It ap- 
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pears from the limited data available from the present study that the 
influence of other environmental factors tends to be largely minimized 
when optimal nutritive conditions are provided. 

The question might be raised as to whether the animals which have 
exhibited this rapid growth are normal in structure. Outhouse and Men- 
del (1931) compared rats which had shown very rapid development with 
others growing more slowly. The data indicate that when body weights 
somewhat above 400 grams are attained, individuals of the same size have 
identical body measurements and proportions, irrespective of rate de- 
velopment. In view of the fact that their animals were of the same strain 
and grown in the same laboratory as those of the present study, the con- 
clusion seems warranted that the rats herein described were not unusual 
in body structure. 

SUMMARY 

The most rapid growth of albino rats yet recorded, as far as we are 
aware, has been obtained. These studies emphasize anew the possibility 
of facilitating the inherent capacity to grow by means of a favorable nutri- 
tive environment alone. 
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The sympathetic nerve supply to the eye and adjacent parts is of interest 
both as one component of the complexly coérdinated visual mechanism and 
from the viewpoint of the manner of functioning of the sympathtic nervous 
system itself. The cervical sympathetic is one of the few structures where 
autonomic nerve fibers may be isolated from other types, and where at the 
same time both pre- and postganglionic regions are available for functional 
analysis by means of nerve action potentials. We report here the results 
of experiments in which pre- and postganglionic-nerves in the cat and rabbit 
were stimulated at various rates. and at different intensities. Observa- 
tions of the correlation between strength and frequency of stimulus and 
functional response of various structures in the body were made, and action 
potentials were recorded by means of the cathode ray oscillograph, either 
at the same time or immediately after excision of the nerves. At the end 
of the experiments the nerves stimulated were osmicated and sectioned. 
Further, carcasses of cat, rabbit, and monkey have been injected with 2 
per cent formalin via the carotid after washing out blood with Ringer’s 
solution, fixed in 1 per cent formalin and dissections made along the course 
of the sympathetic to the eye. This material was washed thoroughly, 
osmicated, and sectioned, including serial sections of the sympathetic 
ganglion and of the ciliary ganglion and its adjacent nerves. This histo- 
logical work will be reported separately, but its results have been drawn on 
here as occasion demanded. It is hoped that we will be able to deal with 
the parasympathetic supply to the eye via the third nerve in a corre- 
sponding manner. 

Motor responses to sympathetic stimulation were followed: nictitating 
membrane, Miiller’s muscle and pupil of the eye, vasoconstriction of the 
vessels of the conjunctiva and ear, and the pilomotor muscles between the 
ear and eye. No evidence of inhibition by the sympathetic has been 
obtained. Animals were anesthetized, or, preferably, decerebrated, since 
urethane at least appeared to render the actions studied sluggish. De- 
cerebration was done under ether through a trephine hole, no vessels being 
tied off, in some cases the spoon being passed deeply enough to destroy the 
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parasympathetic reflex pathway to the pupil. When this was not done 
the pupil was so constricted by the light required for accurate observation, 
that we were not certain of detecting a trustworthy threshold for con- 
striction. Occasional removal of the plug in the trephine hole relieved 
respiratory symptoms, during experiments lasting up to an hour. 

In all cases our results depended upon accurate determinations of thresh- 
old. Condenser charges were used as stimuli, because easier to control 
than induction shocks, where variable interrupter contact is a disturbing 
factor. With the latter, a circuit breaker in the primary circuit must inter- 
rupt a large current, and even when the mechanism is behaving with ap- 
parent uniformity, variation in spark discharge introduces variations in 
the rate of interruption of the current, and therefore in form of the second- 
ary shock. With condensers, the circuit breaker is in the nerve circuit, 
and the high resistance of this prevents any arcing at all with the small 
currents required, besides rendering slight variations in resistance of the 
contact insignificant. Thresholds were recorded in voltages, applied as 
charges through specified condensers, the discharges also passing through 
the tissue in the reverse direction, but with a leak resistance in the dis- 
charge circuit so high that no stimulation occurred. For end-organ thresh- 
old, where a single threshold nerve stimulus did not cause a response large 
enough to be observed, stimuli were repeated at 5-to-10-per-second rates 
for several seconds. The correspondence between the tissue response 
threshold so obtained and the nerve threshold for a given potential wave 
in the oscillographie record was very close, indicating that the two methods 
of detecting threshold were of about the same degree of sensitivity. 

ANATOMICAL. The technic of correlating functional responses to nerve 
stimulation in the body with the anatomical character of the fiber stimu- 
lated, depends upon work previously reported (Bishop and Heinbecker, 
1930), indicating that the properties of nerve axons as measured by their 
action potentials correspond to their histological character as revealed in 
osmicated sections of the nerve. This differential correspondence has 
been demonstrated with respect to threshold, rate of conduction, chronaxie, 
and refractory period in nerves where the types of fibers were recognizable 
by reason of the presence or absence of one type. In the rabbit (and Bel- 
gian hare), the fibers of the preganglionic cervical sympathetic are of two 
types, small myelinated and unmyelinated,' all motor, and all synapsing 


1 The axons which we refer to as ‘‘unmyelinated”’ are those found in sympathetic, 
parasympathetic and mixed peripheral nerves, seen when stained with osmic acid as 
light greenish-gray rings, in contrast to the well-blackened rings of the small myelin- 
ated autonomic fibers of the same or slightly iarger diameter. They range from 1 to 
3 mu in size, and are otherwise quite similar in appearance to the small myelinated 
fibers, but differ unmistakably in threshold and conduction rate. Their sheaths can 
be counterstained after osmic with alizarin red and aniline oil, when they stand out 
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in the superior ganglion. The myelinated predominate in number, in the 
ratio of perhaps two to one. Postganglionically the ratio is quite dif- 
ferent, the unmyelinated fibers predominating, at least ten to one. There 
are, in fact, so few postganglionic myelinated fibers synapsing with pre- 
ganglionic myelinated that action potentials characterizing them are not 
certainly recognizable when stimulating pre- and leading postganglioni- 
cally. There are, however, in the postganglionic stretch only, some larger 


fibers that must pass to the vagus. There appears no action potential 


characterizing them in response to preganglionic stimulating of the sympa- 
thetic, and anastomoses between the vagus and sympathetic nerves can 
be traced in sections at the ganglionic regions. On the other hand, both 
myelinated and unmyelinated preganglionic axons synapse with post- 
ganglionic unmyelinated, as indicated by action potentials led off post- 
ganglionically as well as by histological evidence. One potential elevation, 
due to weak stimulation, and a second, due to stronger stimulation, which 
in the preganglionic stretch elicit separate potentials traveling at different 
rates, emerge postganglionically retarded by an interval due to pregangli- 
onie conduction and delay in the ganglion, but traveling at approximately 
the same rate behind the ganglion. Further, stimulation postgangli- 
onically gives no preganglionic response and causes but a single post- 
ganglionic elevation with a rate and threshold that are characteristic of 
unmyelinated axons. Measurements of rate of conduction and threshold 
thus give the same differential evidence for myelinated and unmyelinated 
axons here as in nerves previously studied (Bishop and Heinbecker, I.c.). 
All the response mechanisms studied in the rabbit are apparently inner- 
vated by postganglionic unmyelinated axons. 

While stimulation of the preganglionic stretch causes postganglionic 
response with a synaptic delay, and no conduction occurs in the reverse 
direction, it is certain that not all the unmyelinated axons in the pre- 
ganglionic stretch are preganglionic fibers. In the cat, fibers synapsing in 
the superior ganglion course back along the sympathetic trunk and pass 
to the heart (Reighard and Jennings, 1901) and this presumably occurs in 
the rabbit. The superior cardiac nerves in the cat, monkey, and man and 
sympathetic cardiac branches of the chain in frog and turtle have been 
examined by us and found to consist almost exclusively of unmeylinated 
axons; in the cat, monkey, and man they give only one recognizable action 
potential elevation, conducting at less than a meter per second, character- 
istic of unmyelinated axons (work to be published elsewhere, Heinbecker 
and Bishop). 
more clearly. Their action potentials can be recognized unmistakably in nerves 
where they make up the bulk of the nerve’s content and are practically the only 
fibers seen after osmication. They are then recognized in other nerves by action 
potentials having similar characteristics (Bishop and Heinbecker, 1930) 
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In the cat, similar procedures indicate a certain difference. The post- 
ganglionic stretch available between ganglion and bony canal is too short 
to give reliable conduction-rate data, but responses of different end organs 
to different thresholds of stimulation give criteria for recognizing different 
fiber types corresponding to the histological picture. Here, as in the 
rabbit, the preganglionic nerve has uniformly two types of axons, myelin- 
ated and unmyelinated, with properties as indicated by action potentials 
corresponding. Stimulations of both types preganglionically give corre- 
sponding potentials postganglionically, after a synaptic delay, and with no 
conduction antidromically. Recorded in the body, the first preganglionic 
nerve response with low threshold (meylinated axons) can be correlated 
with different end-organ responses (details below). Stimulation post- 
ganglionically now gives these same responses at much different thresholds, 
one characteristic of myelinated axons, the other of unmyelinated. This 
indicates that myelinated preganglionic axons in the cat synapse both 
with myelinated and with unmyelinated axons. 

These results corroborate the anatomical findings. Postganglionically 
in the cat about one-third of the axons are myelinated axons of the sympa- 
thetic type. Other, larger, myelinated axons apparently go to the vagus 
sensory ganglion, as reported by Stéhr, and as we also find in sections of 
the ganglion region of the cat, as well as of the rabbit. Contrary to the 
condition in the rabbit, sensory vagus fibers in the sympathetic trunk of 
the cat in some cases pass caudally as well as forward. When present, they 
can be recognized by their action potentials, with lower threshold and 
faster conduction rate than typically sympathetic fibers. Here pre- 
ganglionic sympathetic stimulation of these fibers alone gives no response 
postganglionically, and no response of the end organs studied. 

The vagus fibers in the postganglionic sympathetic nerve presumably 
serve such structures as the carotid sinus. We find no separate branches 
running forward from the vagus nerve parallel to the sympathetic. Con- 
cerning those in the preganglionic sympathetic stretch we have more 
specific data. In the first place, this fiber group is not constant in the 
sympathetic of the cat, but varies from a number of fibers just sufficient 
to give a recognizable potential elevation, or none at all, to a number that 
gives an elevation as great in amplitude as that of any other one group in 
the nerve. The number of larger myelinated axons present corresponds 
roughly to the potentials (Heinbecker, 1930; Bishop and Heinbecker, 1930). 
Secondly when this group is absent, the preganglionic cross section in the 
cat has essentially the same fiber and potential picture as in the rabbit. 
Under these conditions, a separate fine nerve is present in the cat, resem- 
bling the depressor of the rabbit both in its anatomical structure and in its 
potentials, and traceable at its anterior end into the vagus. The vagus 
depressorlike fibers, therefore, are distributed variably between the sympa- 
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thetic, a separate depressor, and possibly the vagus itself in the cat, and 
similar fibers in both cat and rabbit come from head structures 

Physiological experiments have not been performed on corresponding 
structures in the monkey, except that preganglionic action potentials 
correspond in Macacus rhesus to those of the cat. Postganglionically 
many myelinated axons appear, mostly of the small sympathetic type 
but some of the larger type suggest a vagus source. Many branches leave 
the ganglion to run laterally or posteriorly, and some of these consist 
exclusively of unmyelinated axons. The main trunk running forward 
along the internal carotid is being further investigated. 

Considering these results together with those previously reported (Hein- 
becker, 1929) for the turtle, we find no support for Gaskell’s dictum that 
preganglionic sympathetic fibers are always myelinated and postganglionic 
unmyelinated. All three animals here studied have some preganglionic 
unmyelinated fibers synapsing with similar fibers. Most if not all of the 
turtle’s preganglionic myelinated fibers synapse with postganglionic myelin- 
ated, and the same is true of some of the myelinated axons in the cat. The 
rest of the fibers in the cat nerve, and practically all the preganglionic 
myelinated fibers of the rabbit nerve, synapse with unmyelinated fibers. 


These three animals thus furnish every possible combination except that 


of preganglionic unmyelinated to postganglionic myelinated. These data 
apply only to the superior cervical ganglion. The presumption from the 
histological picture is that the monkey has relationships similar to those 
of the cat. 

FuncTIONAL. The conducted action potential record of the cervical 
sympathetic nerve shows the responses of different fiber groups separated 
out as more or less distinct waves by reason of differences of conduction 
rate, the slower fibers having in general the higher threshold. Some of 
these waves overlap at distances of conduction available in this nerve. 
The groups are better defined by their differences in threshold, which do 
not overlap significantly, so that, watching the various elevations increase 
as the stimulus is gradually increased, there is a relative pause between 
groups even if their records overlap temporally. Four or five centimeters 
of nerve were dissected out, including the ganglion and the postganglionic 
stretch up to its entrance into the cranium, all branches being cut. The 
relatively unbranched postganglionic length available for study in the eat 
is usually less than 1 em., in the rabbit it is slightly longer, and in the 
Belgian hare, longer still. Metal electrodes were placed 4 mm. apart on 
the nerve pre- or postganglionically, the cathode toward the head (fig. 1). 
When records were taken on the oscillograph the current was reversed 
to bring the cathode toward the recording leads, since with strong stimuli 
the anode could either stimulate or block the response from the cathode. 
To exclude body disturbances to the oscillograph, which was operating at 


524 GEORGE H. BISHOP AND PETER HEINBECKER 


a sensitivity of 200 meters per volt, a grounded metal electrode was inserted 
between stimulating electrode pair and leading-off metal electrodes, and 
the animal was then insulated otherwise. Condenser charges were used 
to stimulate, as described previously (Bishop and Heinbecker, 1930) at 
frequencies from single stimuli up to 10 per second. At first precautions 
were taken to keep the nerves warm, but working in a room at above 25°C. 
this was found to be unnecessary for the results required. When stimu- 
lating preganglionically, the ganglion itself, which is the critical structure 
in the pathway, was probably nearly at body temperature. In other 
experiments, after in vivo results had been recorded, the nerve was removed 
to an incubator at 37°C., in oxygen, and analyzed under more standard 
conditions for comparison with previous nerve work. Since the post- 


St SM, MM, M5? U 


Fig. 1. Diagram of action potential waves led off from the cervical sympathetic 
nerve of cat or rabbit after conduction. Abscissa, time; ordinate, voltage. St, 
stimulus artefact signalling on the record the time of application of stimulus; S, 
potential wave usually present in the cat but never in the rabbit, due to a group of 
sensory fibers of vagus origin corresponding to those of the separate depressor nerve 
regularly present in the rabbit and only occasionally in the cat; 4/,, potential due to 
first part of double group of motor sympathetic preganglionic myelinated fibers 
responsible for pupillary and other responses; M2, potential of second part of this 
group, of slower conduction and with higher threshold, responsible for vasoconstric- 
tion, etc.; M;, efferent sympathetic fibers of undetected function; U, unmyelinated 
preganglionic sympathetic fibers of undetected function. In the vagus, stimulation 
of fibers corresponding to these last two groups causes weakening of the force of the 
heart beat and slowing of the rhythm, respectively. Innervation of glands has not 
been excluded in the sympathetic. 

Average conduction rates for the fastest fibers in each of these various groups, in 
meters per second: S, 25; M,, 12; M2, 8; Ms, 3; U, 100.5. 


ganglionic stretch as dissected out is of somewhat greater diameter than 
the preganglionic, fibers of the same real irritability will have a higher 
measured threshold postganglionically. This corresponds with the findings 
of Veach and Pereira (1925), that the threshold postganglionically for 
retraction of the nictitating membrane of the cat was higher than pre- 
ganglionically. We believe the actual fiber irritability, however, to be 
about the same pre- and postganglionically. 

To preclude the possibility of stimulating preganglionic fibers, or ganglion 
cells, of low threshold, by spread of stimulus from electrodes placed beyond 
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the ganglion, the ganglion was tied off and tested before postganglionic 


stimulation was applied. 


Since this injury spread along the nerve, thresh- 


olds were unreliable unless the electrodes were placed as far as possible 


anteriorly. 


In the cat, when afferent fibers were present in the preganglionic sympa- 
thetic, these had a low threshold and gave rise to the first potential 


elevation of the record (fig. 2); since the sym- 
pathetic had been severed from the vagus 
these fibers could give no response in the 
body, even reflexly. The efferent myelinated 
axons give two elevations which overlap, but 
can be quite sharply differentiated by thresh- 
old. The first group causes dilatation of the 
pupil, retraction of the nictitating membrane, 
and retraction of the lids by Miiller’s muscles 
in this order of increasing strength, but with 
very slight, and in some cases no, interval of 
threshold (fig. 3). The second group causes 
constriction of arterioles in the ear and con- 
junctiva,? and usually contraction of the pilo- 
motor muscles between ear and eye, although 
in two cases we have been unable to obtain this 


response at all, and it is never very striking. 
Following this double elevation in the potential 
picture there appears a smaller wave, for which 
there was no corresponding response in the 


structures observed. It is not certain whether 
the axons involved are myelinated or not, since 
we have not yet obtained a nerve where such 
a group is isolated. For the last wave, fol- 
lowing this, and assignable to unmyelinated 
axons, we have found no functional response, 
although it conducts into the postganglionic 
nerve with a synaptic delay. 

Stimulated postganglionically, the pupil con- 


Fig. 2. Arrangement for 
stimulating cervical sympa- 
thetic nerve in the body, 
dissected out in the neck up 
to the bony canal of the 
skull, past the ganglion Gl. 
St, stimulating 
pre- or postganglionic; G, 
extra grounded electrode to 
prevent from 
the animal affecting the 
record led off via L, elec- 
trodes leading to the cathode 


electrode, 


disturbances 


ray oscillograph. 


tracts at a strength of stimulus so nearly the same as that of the cor- 
responding preganglionic fibers that the difference in the sizes of the nerves 
accounts for the slight increase, and the fibers may be judged to have the 


2 By means of an ophthalmoscope we thought we could detect constriction of small 
vessels in the retina due to stimulation of the same fibers which caused constriction 


in the vessels of the conjunctiva and ear. 


Since the technic of these observations 


complicated an already elaborate experiment, further and more definitive studies of 
the retina have been postponed for a separate investigation. 
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same intrinsic irritability. A slight increase of threshold causes response of 
the nictitating membrane, and of Miiller’s muscle. To obtain blood-vessel 
constriction the stimulus must now be increased to at least six times the 
threshold for the pupillary response. This same interval is observed 
preganglionically between thresholds for the most irritable fibers of the 
myelinated and unmyelinated groups. 

In the rabbit, preganglionic stimulation causes the same responses at the 
same intervals of threshold, and corresponding to the same potential com- 
ponents, except that pilomotor effects have not been observed. Post- 
ganglionically, no effect has been observed until stimulation is applied of a 
strength that activates unmyelinated fibers. In the Belgian hare where 
experimentation in the body gives results identical with the rabbit, a long 
postganglionic stretch available for experiment enables us to check up, on 


Fig. 3. Thresholds and fiber types in cervical sympathetic trunks of cat and 
rabbit. 


RABBIT 


ORGAN Threshold Threshold Fiber type 


Post 


Pre Post 


Pupil 100° 100-150 | Myelin. | Myelin. 100 (600-800) Myelin. | Unmyelin. 
Nictitating membrane. .|100—150,150-250 | Myelin. | Myelin. 100-150 600-800, Myelin. | Unmyelin. 
Miiller’s muscle .....|100-150 150-250 | Myelin. Myelin. 100-150 600-800 Myelin. | Unmyelin. 
Constrictors to blood | 

vessels .......-, 200-350 600-800 | Myelin. | Unmyelin. 200-300 600-800, Myelin. | Unmyelin. 
Pilomotor muscles . (300-450 600-800 | Myelin. | Unmyelin. 
600-800 700-1,000' Unmyelin. | Unmyelin. 


* Arbritrary value. 
** Action potential 1 meter per second or less with synaptic delay in ganglion; no response of animal de- 
tected. 


the excised nerve, the correspondence between threshold and conduction 
rate, refractory period, etc., by which anatomical fiber types may be 
recognized physiologically. It is then confirmed that the responses to 
postganglionic stimulation with high threshold compared to the pre- 
ganglionic, are the responses of postganglionic unmyelinated axons only. 

THE CERVICAL GANGLION. Considering the whole sympathetic motor 
pathway from cord to eye, the most interesting difference between this 
and the somatic motor pathway lies in the synapse at the outlying gan- 
glion. There has been some difference of opinion as to whether such a 
ganglion acted merely as a relay along the path to the eye, or whether it 
exhibited some of the functions of a central-nervous-system mechanism. 
Querido, for instance (1923), espoused the latter belief, while Veach and 
Pereira (1925) took the former view, We believe the topic can be clarified 
by considering some of the properties of the nerve fibers and ganglion 
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cells involved, together with the character of the impulses conducted 
through the ganglion under various conditions. 

In the first place, to determine whether summation of impulses takes 
place in the ganglion, and whether, once stimulated, the ganglion cell gives 
an after-discharge like a sense organ or a nerve cell in the cord, the muscle 
end-organ response is not a satisfactory indicator, especially when the 
muscle concerned is unstriated, and does not behave in an all-or-none 
manner. 

In the second place, the nerve fibers as well as the ganglion cells are 
easily depressed by rapid or strong stimulation, and even while normal 
show long refractory periods. We do not believe that accurately inter- 
pretable results can be obtained by stimuli more frequent than ten per 
second. Even at this rate the threshold does not remain constant, and 
fatigue of the ganglion cells sets in rapidly, and a stimulus strong enough 
to activate the least irritable fibers may injure the most irritable under 
the stimulating electrode, making accurate control of threshold impossible. 

Under normal circumstances there is no treppe shown in the nerve 
response, pre— or postganglionically. That is, a single stimulus to the 
preganglionic nerve gives the same height of response when repeated, up to 
a rate that causes submaximal response in the fibers, or gives fatigue at the 
point of stimulus. This rate is not more than ten per second, and sum- 
mation of stimuli in fibers for which one stimulus is just subthreshold 
would not be expected at 100-sigma intervals. Higher rates of stimuli 
such as were used by other workers have not been tested. Postganglionic- 
ally, each preganglionic impulse is followed by a single discharge, or by 
a series of waves characteristic of the fiber types stimulated, each fiber 
responding only once. As a threshold-preganglionic stimulus is increased, 
the postganglionic response increases proportionately, both responses 
reaching their maxima together. There is thus no summation of the 
stimuli from the preganglionic nerve in the ganglion cells, no spread from 
one pathway to another, nor facilitation of one by the other detectable, 
and no after-discharge. This should be qualified by the consideration 
that there are many more fibers postganglionically than pre-, even in the 
main trunk, disregarding recurrent branches, so that it must be inferred 
that each in-going fiber stimulates many ganglion cells. That this is the 
case is further shown by the datum that wave for wave the postganglionic 
nerve gives as high amplitude of potentials as the preganglionic, indicating 
that all the fibers are being activated, since inactive fibers would shunt 
the active ones, and the proportion of the total active, not their absolute 
number, determines the potential amplitude. So far as we can see, then, 
the one fiber connecting with many ganglion cells activates them all at 
each discharge, at least for slow rates of stimulation (1 to 10 per second). 

At faster rates, these events are complicated by the refractory phase 
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phenomena of nerve and ganglion. The absolutely refractory period after 
stimulation of the pre- and postganglionic fibers of the same type is the 
same within limits of variation of our experimental conditions, and the 
refractory period of the unmyelinated fiber is but slightly longer than is 
that of the myelinated (3.5 and 4.5 sigma, Bishop and Heinbecker, 1930). 
The relatively refractory periods presumably correspond, although we have 
not specifically plotted them. The refractory period of the ganglion cell 
or synapse is several times this under our experimental conditions (20 to 
30 sigma), but this value may not be the true absolutely refractory period. 
The nerve responding all-or-none delivers to the synapse a fixed stimulus, 
which we cannot increase in an attempt to determine whether, if stimulated 
still more strongly, the postganglionic element could respond sooner after 
a first response. Now as the time between two stimuli to the preganglionic 
nerve, both giving maximal responses, is shortened, the postganglionic 
response, presumably also the all-or-none maximum for each fiber re- 
sponding at this rate, falls off gradually as far as is observable, and we have 
not been able to determine as yet whether the falling off in total amplitude 
of the nerve response is due to the dropping out of a few fibers from each 
of the groups synapsing with single preganglionic fibers, or whether such 
groups fall out as units. One would expect the former, as not all synapses 
even with a single fiber would be expected to be exactly alike. At any 
rate, the refractory phases recorded are those of the fibers and cells which 
recover most rapidly, and such fibers at least are usually those having the 
lowest threshold. 

Discussion. Querido (1924), and Veach and Pereira (1925) both report 
motor effects maintained, and even increasing in response to rates of stimu- 
lation above those employed by us. Veach specifies that at high rates the 
nerve shows stimulus fatigue, but he found an increase of effect, pre- or 
postganglionically stimulated, up to 140 per second with strong stimuli. 
Even at 595 and over per second, nearly the maximum contraction was 
obtained. It is obvious that a nerve fiber with an absolutely refractory 
period of 3.5 sigma cannot possibly respond to more than about one-half 
this higher frequency, and that a ganglion cell with a period of 20 or more 
sigma cannot respond to more than one-tenth; therefore, when Veach 
records the same response from pre- as from postganglionic stimulation, 
and at high rates as at low rates, it is certain that the end-organ response is 
not a precise criterion of the activity of the nerve or ganglion cell. The 
“minimum limiting rates” of Querido correspond reasonably to our refrac- 
tory periods, but his ‘maximum limiting rates” offer the same difficulties 
of interpretation in terms of nerve response as do Veach’s results. 

But while we specify 10 per second as the maximum rate which we can 
safely interpret, this is certainly not the limit of effective muscular summa- 
tion, for even though in each fiber the impulse in the relatively refractory 
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period of the last one is of less intensity than a first impulse, it may still 
affect the muscle. Whether it affects the smooth muscle marimally— 
that is, equally to a first impulse—would be an interesting speculation in 
the case of an end organ which apparently does not itself obey the all-or- 
none law. We have not attempted to sort out the influence of factors 
such as inhibition of the Wedenski type, stimulus fatigue, and summation 
at the muscle of submaximal stimuli, but have sought rather to avoid their 
complications in the interest of simplicity in the interpretation of the 
specific problem of nerve and ganglion behavior. Certainly the normal 
action in the body would be limited to those rates of response that per- 
mitted nearly the normal maximum activity of each element. Whether 
at higher rates than this the cervical ganglion can do more than simply 
relay impulses over a multiplied pathway we cannot say, but we doubt 
whether it does so in response to such impulse frequencies as normally 
occur in the body. 

We cannot therefore confirm Querido, that “preganglionic stimuli of 
any frequency above the minimum critical rate sets up impulses which 
pass beyond the superior cervical ganglion at frequencies between 120 and 
160 per second,” since we find that the refractory period of the ganglion 
cells would limit such frequencies to about 50 per second; and we can detect 
no after-discharge from the ganglion; nor can we place the significance 
which Veach seems to assign to it, on his finding that even at high fre- 
quencies the effects of pre- and postganglionic stimulation are of the same 
amount, because we do not believe that nerve impulses of such frequency 
ever reach the muscle by way of the postganglionic fiber, or would be of 
significant intensity if they did. 

In spite of the fact that a single impulse is conducted through the 
ganglion without requiring summation, it is not always true that the 
response to a single impulse is detectable in the peripheral motor organ. 
For the nictitating membrane, a single stimulus pre- or postganglionically 
delivered, results in a visible retraction, even when not all of the group 
of axons involved in this reponse are stimulated. A single maximal 
stimulus results in, roughly, one-half complete retraction, with slow relaxa- 
tion, variable from animal to animal. Two such impulses may result in 
fairly complete disappearance of the membrane behind the angle of the 
lids. For the pupillary response, a single stimulus below maximal can be 
detected, especially if in decerebration the parasympathetic pathway has 
been broken, or if the eye is not too brightly illuminated. It usually 


requires, however, more than two maximal stimuli (at half-second intervals) 


to cause anything approaching complete dilatation. For the movement 
of hairs, nothing less than two maximal stimuli, or a longer series of sub- 
maximal ones, can be detected at all, and for vascular constriction, observed 
in the eye or ear with a low-power lens, only a series can be detected with 
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certainty. These differences are presumably only quantitative ones in 
end-organ response, the amount observable being the variable. Applying 
the criteria of Lapicque (1928) or of Fredericq (1930), certain fibers of 
the cervical sympathetic would fall in the class of “‘iterative’’ nerves, in 
that more than one stimulus is required for a ‘‘response’’ of the end organ. 
Since, however, the pre- and postganglionic fibers both respond to each 
stimulus, and since the end organs do not differ materially, being all of 
smooth muscle, except in degree, we feel that any definition so far given 
of an iterative nerve is without meaning, and is predicated surely on 
inadequate means of observation. We have no doubts that for each nerve 
impulse a muscular response takes place in the fibers innervated, even when 
a number of summated responses are required for observational threshold, 
or even though the first response may be expended in taking up what might 
be termed the ‘physiological slack.’’ The idea that reiterated stimuli 
from nerve to end organ are required to overcome the difference in chron- 
axie between them, as inferred by Lapicque, may thus arise from the 
inadequacy of the means of recording; and we see no reason for believing 
that any peripheral nerve in its normal state lacks the ability to deliver 
a single effective stimulus to its end organ, even though in some cases the 
unit of response may be a small one. 

The character of the summation, however, of stimuli applied to such 
nerves, seems to us of considerable significance. It is easy to so adjust a 
strength of stimulus that a few nerve fibers give a response as indicated 
by the oscillograph for each stimulus, but with so few fibers responding 
that no response of the end organ is visible. Now if either the rate of 
stimulation to these few fibers is increased, or if the strength is increased 
to stimulate more fibers of the same functional group at the initial rate, 
the end-organ response becomes visible, and increases progressively with 
increase of either rate or strength of stimulation. The important finding 
is that no difference can be detected in these two procedures by observation 
of the end response. Apparently the response is conditioned by the 
number of individual nerve-fiber stimuli received; that is, the number of 
fibers times the number of responses of each fiber, and not by either fre- 
quency or strength alone. The threshold for such an end-organ response 
is thus to be expressed in terms of number of fibers times the number of 
impulses per fiber; and frequency also must enter into the picture as a 
factor separate from mere numbers of stimuli. Threshold for nerve 
response on the other hand is, for physiological frequencies, merely a 
matter of intensity of stimulus. 

The most obvious analysis of this situation would appear to be that 
each nerve fiber made connections with a separate corresponding group of 
effector elements, temporal and spatial summation of their effects amount- 
ing to the same values. This applies satisfactorily, for instance, to the 
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case of skeletal muscle. However, in the autonomic nervous system two 
complications enter in: one, the increase in number of fibers beyond the 
outlying ganglion, and the other, the nerve plexus in smooth muscle itself 
These seem to be economical mechanisms for distributing stimuli over a 
wide area without the enormous number of fibers that would be necessary 
if all led out from the spinal cord direct. Further, in the case of dilatation 
of the pupil, or constriction of the vessels of the ear, weak stimulation 


activating few fibers repeatedly, shows no sign of punctate distribution, 
any stimulus being evenly effective over the entire area innervated by that 
fiber component. We cannot refrain from the speculation that here is a 
mechanism for spatial and temporal summation more like that of the 
central nervous system than it is like that of skeletal muscle. In the 
central nervous system also, the reflex threshold appears to be determined 


not by strength of afferent nerve stimulus alone, or by frequency alone, 
but more nearly by the product of the number of fibers stimulated times 
the frequency of stimulation. 


SUMMARY AND CONCLUSIONS 


The action potential components characteristic of nerve fiber groups in 
the cervical sympathetic nerve of the cat and rabbit have been correlated 
with the motor responses of head structures, by oscillographie recording 
from the nerve simultaneously with observation of the results of stimula- 
tion. 

In the preganglionic sympathetic, a group of afferent fibers is usually 
present, which gives the first potential of this nerve at lowest threshold. 
Following this, the next fiber group to respond as the stimulus is increased 
consists of the small myelinated sympathetic fibers, present also in the 
rabbit nerve, where, however, no afferent fibers appear to be present. 
This sympathetic motor group is double in both animals, giving a bimodal 
potential wave. Still further increase of stimulus strength causes un- 
myelinated fibers to respond. 

Postganglionically, the first part of this double myelinated motor group 
synapses with similar myelinated fibers, in the cat, the second part with 
unmyelinated fibers. In the rabbit both parts synapse with unmyelinated 
fibers. The monkey is probably like the cat in this respect. This is con- 
trary to Gaskell’s dictum that postganglionic fibers are always unmyeli- 
nated in mammals. 

Retraction of the nictitating membrane, dilatation of the pupil and 
contraction of Miiller’s muscles in both cat and rabbit result from stimu- 
lation of the preganglionic myelinated fiber group of lowest threshold. 
Constriction of blood vessels in the eye and ear, and contraction of pilo- 
motor muscles result from stimulation of the similar preganglionic axons 
of somewhat higher threshold. No response has been detected to stimula- 
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tion of the preganglionic unmyelinated fibers synapsing in the superior 
cervical ganglion. 

Postganglionically, in the cat, the first group of responses follows 
stimulation of the same order of strength as preganglionically, while in 
the rabbit the stimulus must be five or six times as strong postganglion- 
ically. In both animals the second group of responses follows only the 
stronger stimulus, characteristic of unmyelinated axons. In the Belgian 
hare, a longer postganglionic nerve available for experiment allows meas- 
urements of conduction rates which confirm the threshold findings. 

The refractory period of the ganglion cell in the superior cervical sympa- 
thetic ganglion is of the order of 20 sigma, which normally limits the rate 
at which the postganglionic fiber responds. We find no spread of response 
from one cell to another, no after-discharge, and no summation of pre- 
ganglionic impulses in the ganglion, although more fibers emerge from it 
thanenter. This presumably means that one preganglionic fiber synapses 
with more than one postganglionic fiber, and normally causes all such fibers 
connected to it to respond in a volley. This would permit a distribution 
of the response to one preganglionic impulse over a wide area of the motor 
mechanism innervated by the postganglionic fibers connected with it, 
which seems to be what happens in the body. 

While all the responses studied involve the activity of smooth muscle, 
one nerve response does not cause a visible muscular response in all struc- 
tures. This apparently depends on the threshold for visual observation 
of the response in any given case, and we see no reason for calling the 
cervical sympathetic an ‘‘iterative’’ nerve. 
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In a recent paper (1931) the authors were able to demonstrate a definite 
influence of certain sex hormones on the central nervous system of the rat, 
particularly on the upper motor neurone. This influence was indicated 
by an increase in the upper motor neurone’s inhibitory action on Achilles 
reflex time during the oestrous phase of the sex cycle as well as in the later 
stages of pregnancy, and by a decrease in this action during the dioestrous 
interval and during pseudopregnancy. An experimental check appeared 
to verify these findings, in that spayed animals brought into induced oestrus 
displayed a reaction similar to that of intact animals in the corresponding 
phase of the cycle; administration of corpus luteum extracts, on the other 
hand, resulted in a reaction comparable to that evoked in dioestrus, early 
pregnancy, and pseudopregnancy. In brief, it was shown that “‘a length- 
ened Achilles reflex time accompanied any increase in the concentration 
of follicular hormone, or its extract, in the system of the animal. Con- 
versely, shortened Achilles reflex time was shown to accompany an increase 
in the concentration of luteal hormone, or its extract.” 

Two possible explanations were tentatively advanced to account for 
these phenomena. Either 1, the hormonal content of the blood has a more 
or less selective action on the upper motor neurone, or 2, the influence at 
this level is mediated by nervous mechanisms, the stimuli for which prob- 
ably lie in the hyperemia and distention of the tubes and cornua character- 
istic of the active phases of the sex and reproductive cycles. These hy- 
potheses, it appeared, could be put to the experimental test, namely, 
through interruption of the nervous pathways leading from the genital 
system to the higher levels. The present report deals with some results 
obtained from experiments based on this principle. 

EXPERIMENTAL METHODS AND RESULTS. Ten normal adult female rats, 
the regularity of whose cycles had been determined by the vaginal smear 
method (Long and Evans, 1922), were bilaterally sympathectomized, with 

1 The authors wish to express gratitude to Prof. Lee Edward Travis, in whose 
laboratory this work was done. 
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ether anesthesia and under a dissecting microscope, from the level of the 
renal arteries through the pelvis, the operation involving complete excision 
of the sympathetic ganglionic chains and the parasympathetic pelvic 
nerves. Following an adequate recovery period the oestrous cycles again 
were checked for a period of three weeks. At the end of that time electro- 
myographical Achilles reflex time records were taken during the oestrous 
phase and during the interval, records for several cycles being secured for 
each animal. All readings were obtained on the left Achilles reflex.” 
Table 1 presents the Achilles reflex times in sigma for the corresponding 
cyclic phases. It will be seen that no lengthening of reflex time occurred 
coincident with the oestrous phase, and that no shortening was obtained 


TABLE 1 
Left Achilles tendon reflex times in sigma during oestrus and the dioestrous interval in 
bilaterally sympathectomized rats 
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* Records taken two months following operation. 
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during the interval, in marked contrast to the findings previously reported 
for the intact animal (loc. cit.). 

The failure to elicit fluctuating responses in the sympathectomized 
animal despite the continuance of a normal oestrual rhythm would appear 
to be evidence of a hormonal control of the higher nervous levels through 
a mechanism operating by means of the sympathetic system, and would 
argue for the interpretation that the increased activity during oestrus, or 
during its experimentally induced counterpart in the spayed animal, is 
mediated through excitatory impulses traversing the sympathetic system 
to the cord and thence to higher levels. Were the influence a direct one, 
it does not seem probable that sympathectomy would interfere materially 
with transmission of the impulse. 


? The apparatus and the method for eliciting these reflexes have been fully de- 
scribed elsewhere (Herren and Haterius, 1931). 
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Data apparently conflicting with this view have recently been presented 
by Bacq (1931), who reported no change from the pre-operative norms 
with respect to spontaneous activity; the same oestrual peaks character- 
ized the records in each instance. However, his results were based on 
averages of ten day intervals, and no attempt was made to correlate 
daily activity with the genital cycle. Daily runs of spontaneous activity 
are known to be extremely inconstant; they are also inconsistent, from 
cycle to cycle, for any given phase of the cycle. Averaging ten days’ run 
therefore would have a tendency to “iron out” any effect to be correlated 
with phases of the sex cycle. 

Vogt (1931) has reported that removal of the superior cervical sym- 
pathetic ganglia together with the cervical inter-ganglionic trunks in- 
hibited the mechanical induction of pseudopregnancy. This was taken 
as prima facie evidence that a genital-pituitary nervous mechanism is 
operative, to some extent at least, in the Prolan B (i.e., luteinizing principle) 
release of the anterior pituitary, and that, under certain conditions, in- 
terruption of the nervous pathway results in failure of excitatory impulses 
from the genital system to reach the pituitary. This work awaits con- 
firmation, but appears suggestive in the light of results reported here of 
lower abdominal sympathectomy. It was hoped that the reaction of our 
operated animals, following mechanical stimulation of the cervix, would 
shed some light on the question of a possible nervous mechanism. At the 
time attempts were made at inducing pseudopregnancy, several months 
after the reflex records had been taken, only four of the animals were 
found to be running regular cycles. Repeated attempts on these, however, 
failed to elicit any response and no interruptions of the cycles were noted. 
Four cases, however, are not sufficient to permit of any conclusion being 
drawn, ‘more particularly since it is known (Slonaker, 1929) that cervical 
stimulation very often fails to bring about the expected reaction even in 
the normal animal. It is evident that further work is necessary to deter- 
mine this question. 

In connection with the present work, records were kept on the length 
of the sex cycle before and after operation. Our data corroborate those 
of Sweet and Thorp (1929), who reported abdominal sympathectomy to 
have no appreciable effect on the length of the oestrous cycle. Before 
operation our animals ran a cycle of 4.4 days, following operation a cycle 
of 4.3 days. All operations were verified by postmortem binocular ex- 
amination. 

SUMMARY 

1. Animals bilaterally sympathectomized from the level of the renal 
arteries through the pelvis (including the pelvic nerve) do not show the 
correspondence between oestrus and lengthened Achilles reflex time that 
is exhibited by normal animals. 
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2. Bilateral abdominal sympathectomy does not alter the length of the 
normal oestrous cycle. 

3. From results obtained, it seems highly probable that certain influ- 
ences of the ovarian hormones on the higher nervous levels are effected 
through the sympathetic connections and are not in the nature of direct 
stimuli. 
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The question of the innervation of the nictitating membrane (n.m.) 
in the mammal and the nature of its movements 1s still unsettled. In this 
Laboratory the n.m. of the cat has been recently used as an indicator of 
adrenin, sympathin, and liver secretion resulting from sympathetic stimu- 
lation (Rosenblueth and Cannon, 1932). Some preparations, especially 
under light dial anesthesia or after decerebration, were unstable and pre- 
sented apparently spontaneous movements of the n.m., different from the 
frequent slight rhythmical contractions which smooth muscle commonly 
shows when lightly stretched. This fact suggested the advisability of 
attempting to determine the different conditions which will produce move- 
ments of the n.m. in the cat. 

Anatomical data. The form of the n.m. has been frequently compared 
to a triangle, the apex being at the inner canthus and the base being the 
free external border. This morphological comparison is inadequate, 
since it neglects the prolongations of the membrane along the lids toward 
the external canthus. We shall speak of the membrane as crescent-shaped 
(see fig. 1). 

Zernik (1928) described two groups of smooth muscle in the n.m. of the 
cat, one producing retraction, the other, protrusion. His schematic 
representation of this last action is not consistent with either the function 
or the true shape and position of the membrane. 

Stibbe (1928) made a comparative anatomical study of the n.m. in 
amphibia, birds and mammals. He states that there appear to be two 
neuromuscular mechanisms for the protection of the eye: a IlI-nerve 
mechanism for the lid and a VI-nerve mechanism for then.m. He claims 
that both mechanisms are present in amphibia and birds, in connection 


with the lower lid only in the frog, and in connection with both the lower 


lid and the n.m. in the bird. He denies, however, any connection of the VI 
nerve with either lid or n.m. in the mammal. He concludes that the n.m. 
of the mammal bears no relation to that of the bird. 

In the bird there is no levator palpebrae superioris,—the movements of 


1 Fellow of the John Simon Guggenheim Memorial Foundation. 
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the upper lid depend exclusively on the movements of the eye. The lower 
lid, however, is freely and independently movable through the depressor 
palpebrae inferioris. This muscle (controlled by the III nerve), the 
quadratus, and the pyramidal (controlled by the VI nerve) determine the 
nictitations of the membrane. The quadratus is the equivalent of the 
retractor bulbi of the mammal and is controlled also by the VI. 

In the mammal it is the upper lid that is independently movable, 
through the levator palpebrae superioris. Stibbe (1928) found insertions 
of this muscle in the n.m., but did not give them any importance. He 
denied that there are any other muscular connections with the n.m. in the 
mammal, 
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Fig. 1. Schematic representation of the shape and connections of the nictitating 
membrane. 


Our dissections showed us that the external rectus muscle has definite 
connections with the nm. The exterior fibers of the muscle do not insert 
in the eye, but may be traced into the inferior horn of the crescent of the 
n.m. We shall show that our mechanical study confirms these anatomical 
relations. The histological examination of the horns of the membrane, 
made by Mr. J. O. Pinkston, revealed the presence of striated muscle fibers, 
some of which may be traced to within 1 mm. of the cartilage. 

The membrane, an elastic structure, is normally tense over the convex 
spherical globe of the eye. Being essentially a reduplication of the con- 
junctiva it connects with the eye and lids, and their position will influence 
the position of the n.m. Passive movements of the n.m. are therefore not 
only possible but inevitable. The problem, then, is to determine what 
laws govern these passive movements and whether there are any active 
movements which may superimpose themselves on the passive pattern. 
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FUNCTIONS OF NICTITATING MEMBRANE 


INNERVATION AND 


Mechanical considerations. On retraction of the globe of the eve the 
n.m. will protrude, and on protrusion of the globe the membrane will 
retract. This is a natural consequence of the fact already mentioned, that 
the n.m. is an elastic sheet stretched over a smooth convex surface. The 
passive retraction of the n.m. on protrusion of the eyeball is illustrated in 
figure 2. 

The passive movements of the n.m. accompanying rotations of the eye 
were studied shortly after death in an animal with the lids and the mem- 
brane intact. The cranium was widely opened, the brain and the superior 
and exterior walls of the orbit were removed. The eye muscles were 
pulled toward their posterior insertions and the corresponding movements 
of the n.m. were observed. 


Fig. 2. Record of the retraction of the membrane on strong simultaneous stimula- 
tion of the III nerve intracranially and of the neighboring sympathetic strands. The 
sharp rise, b, in the curve, at the end of the stimulus, shows the protrusion of the eye 
when the retracting action of the ITI is released. 

Fig. 3. Record of the protrusion of the nictitating membrane on stimulation of the 
VI nerve. The eyeball was emptied. The thread attached to the membrane was 
directed so that rises in the curve represent protrusion. 


In pulling the muscles care was taken not to cause retraction of the 
eyeball. This was accomplished by preventing backward motion of the 
eyeball by means of an instrument. Pulling the superior and inferior 
recti, which causes upward and downward rotations of the eyeball, has 
a negligible influence on the position of the n.m. Pulling the internal 
rectus causes a slight retraction, the inward movement of the n.m. being 
less than the inward rotation of the eye. Pulling the levator palpebrae 
superioris causes -moderate protrusion. 

Pulling the external rectus produces a marked protrusion of the n.m. 
The movement is at first parallel to the outward rotation of the eyeball 
(i.e., the position of the free border of the n.m. on the eyeball does not 
change), but as the muscle is stretched further, the movement of the eye- 
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ball diminishes, whereas the membrane continues its outward course so that 
its free border covers a larger space between the lids. 

The passive movements attending contraction of the superior, inferior 
and internal recti can be easily accounted for by examining figure 1. The 
protrusion produced by the external rectus, however, is greater than it 
would be if only occasioned by the outward rotation of the eyeball. 

In the normal animal, when tonic sympathetic impulses to the n.m. and 
Miiller’s muscle are in play, rotation of the eye does not cause the mem- 
brane to protrude. After sympathectomy, when the membrane is para- 
lyzed, extreme inward and outward rotations of the eye produce only the 
slightest retraction and protrusion of the membrane. 

Active retraction due to sympathetic stimulation. Control of the mem- 
brane by the sympathetic has been thoroughly established. The fibers 
come from D, to D, and sometimes D;, according to Langley (1895). 
According to Zernik (1928) they arise from Cs to D;. They synapse at 
the superior cervical sympathetic ganglion (Langley, 1895). They reach 
the bulla ossea without having come in contact with the internal carotid, 
According to Zernik, or running along the artery, according to Kleijn and 
Socin (1915). These latter authors state that the fibers pass to the base 
of the promontorium, enter the orbit through the vidian nerve and are 
afterwards not to be found in any known nerve. 

Stimulation of the cervical sympathetic produces not only an active 
retraction of the n.m., but also a passive retraction because the eye is 
protruded by contraction of Miiller’s muscle. These two actions 
cooperate. 

No other nerve has been shown to have a similar action on the n.m. 

Active protrusion of the n.m. The existence of this movement has 
been debated. The early publications denied its possibility (Miiller, 
1872). Later Langley and Anderson (1892) affirmed the existence of an 
active movement since, in their observations, intracranial stimulation of the 
VI nerve caused protrusion of the n.m. without apparent retraction of the 
eyeball. Furthermore, sponging of the n.m. caused protrusion in the 
unanesthetized animal; this effect disappeared after the VI nerve was cut. 
Lewandowsky (1899) claimed that protrusion was always passive. Froeh- 
lich and Loewi (1908) confirmed Langley and Anderson’s statements; 
they further found that curare (2 mgm.) did not abolish the protrusion, 
whereas it abolished outward rotation of the eye on stimulation of the VI 
nerve; nitrites had an effect opposite to that of curare. These authors 
therefore concluded that the VI contains parasympathetic fibers produc- 
ing the protrusion of the n.m. 

Querido (1924) again denied that protrusion is active since he did not 
observe movement on stimulation of the VI nerve after removing the con- 
tents of the eye. Recent authors who have used the n.m. have been 
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inclined to adopt Querido’s view. Thus Danilewsky and Wjalkowa (1931) 
say that the retractor of the membrane was used in their experiments 
“because it has no antagonist.” 

Reflex protrusion of the membrane. In the normal animal mechanical 
stimulation of the cornea causes the n.m. to protrude rapidly and cover 
practically all the visible eyeball. This brusque movement may properly 
be called a “‘nictitation,’”’ notwithstanding Stibbe’s assertion to the con- 
trary. The eyeball is not seen to move in any direction. 

We have studied in chronic preparations the reflex protrusion after 
section of one or more of the motor nerves supplying the structures within 
and around the orbit. In sectioning either the III, IV or VI nerves intra- 
cranially we found it advantageous to remove one entire cerebral hemi- 
sphere together with the lateral part of the diencephalon. Such cerebral 
ablation renders the approach to III and IV quite easy and makes it 
possible to elevate slightly the midbrain so as to reach the otherwise 
inaccessible abducens at an upper pontile level where it courses freely over 
the posterior fossa. The VII nerve was cut extracranially just below its 
emergence from the stylomastoid foramen. Five unilaterally decorticate 
and three unilaterally hypothalamic cats with cranial nerves intact, all in 
the chronic condition, served as controls; in these animals reflex protrusion 
of the n.m. was equal on the two sides and accordingly we were able to 
assure ourselves that the cerebral ablation alone does not in itself influence 
the reaction. Superior cervical ganglionectomy (10 cats) left the reflex 
intact and unmodified. In two eats III and IV of one side were cut; 
the reflex was unaltered on that side. The VII alone was cut in three 
animals and this procedure failed to alter the reflex protrusion, although 
reflex closure of the lids was thereafter absent. The VI alone was cut in 
one cat. This animal made an excellent recovery and was sacrificed after 
two weeks during which time reflex protrusion of the n.m. on the operated 
side was completely absent whereas it was normal on the other side. 
Postmortem examination showed without question that the abducens of 
the operated side had been severed. This definitely establishes the fact 
that reflex protrusion of the membrane involves exclusively the V and VI 
nerves. Curare, if given in doses sufficient to paralyze respiratory move- 
ments, abolishes the reflex. 

Passive protrusion may be obtained by pressing on the eyeball, directly 
(if the V is cut.) or through the lids. The membrane remains out as long 
as the pressure is maintained. The greater the pressure, the more marked 
the protrusion. This movement is, however, entirely different from reflex 
protrusion, which is not proportional to the duration or intensity of the 
stimulus, and which may not be accompanied by any noticeable movement 
of the eyeball. 

It is interesting to note that whereas reflex closing of the lids is best 
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obtained by stimulating the internal part of the edge of the superior lid, 
stimulation of the cornea will usually not produce it. Stimulation of the 
lids, on the other hand, does not cause protrusion of the membrane. This 
last reflex is best obtained by stimulating the cornea, as a foreign body 
would, once it passes the lid barrier. 

Stimulation of the cranial nerves. We stimulated the III, IV, V and VI 
nerves intracranially under dial anesthesia after removing one cerebral 
hemisphere. These stimulations were made in animals with the branches 
of the superior cervical ganglion degenerated, in order to eliminate a spread 
to them. 

Electrical stimulation of the IV has no influence on the position of the 
membrane. Stimulation of the ophthalmic branch of the V_ produces 
variable effects which may be interpreted as reflex. 

Stimulation of the III produces a moderate protrusion which can be 
accounted for by the retraction of the eye. This protrusion is less exten- 
sive than the one to be mentioned in the next paragraph although the 
retraction of the eye is much more pronounced. 

Stimulation of the VI produces marked protrusion, much greater than 
mere outward rotation of the eye would produce. This effect persists 
after emptying the eyeball of its contents. In this case, however, it be- 
comes usually less marked. This depends on the position of the n.m. 
before the stimulation, for, once the eye is empty, the membrane is entirely 
free and tends to protrude spontaneously. If, however, the n.m. is held 
artificially in its normal position, protrusion will occur, or the pull will be 
felt on the forceps holding the membrane. Querido’s failure to obtain 
this effect under these circumstances (i.e., after the eyeball was emptied) 
was probably due to his not having taken the precaution of replacing the 
membrane in its normal position. 

The type of response is very clearly that of striated muscle: rapid, 
occurring immediately after the stimulation begins, reaching its maximum 
at once, and relaxing rapidly and immediately after the stimulus ceases. 
These characteristics exclude the participation of smooth muscle. 

It was found very difficult to record graphically the protrusion of the 
n.m. The nose and the malar prominences of the cat make it impossible 
adequately to adjust a thread so as to give a direct pull on the writing 
lever. Figure 3 is, however, a record of the movement on stimulation of 
the VI. 

The response on stimulation of the VI disappears after curare is given 
in a dose just sufficient to abolish the respiratory movements. Froehlich 
and Loewi (loc. cit.) saw the protrusion of the n.m. persist after 2 mgm. 
of curare and concluded that it was a parasympathetic effect on smooth 
muscle. We believe that their dose was insufficient. 

Discussion. The facts which we have reported allow us to affirm that 
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the external rectus muscle, controlled by the VI nerve, contains some fibers 
which will occasion active protrusion of the n.m., i.e., the movement is 
not conditioned by any attending movement of the eyeball. 

This action of the VI may be exaggerated by the backward movement 
of the eyeball due to contraction of the retractor bulbi. 

The n.m. of the mammal has the same significance as the n.m. of the 
bird. Its functions and innervation are similar. In both classes of 
animals there are two mechanisms, a II I-nerve mechanism for the lid 
(superior in the mammal and inferior in the bird), and a VI-nerve mecha- 
nism for the n.m. The roéle of the levator palpebrae superioris, which, as 
we have said before, has connections with the superior horn of the mem- 
brane, is probably the same as that of the depressor palpebrae inferioris 
in the bird: that of fixing the lid and this part of the membrane during the 
protrusion. 

The VI nerve contains two sets of fibers, one controlling outward rota- 
tion of the eye and the other governing the protrusion of the n.m. These 
functions are independent of one another. The same duality exists in 
the external rectus muscle, some of its fibers rotate the eye outwards and 
some cause protrusion of the nm. These last muscle fibers are homolo- 
gous to the pyramidal of the bird. 

The n.m. presents the paradox that smooth muscle innervated by the 
sympathetic (the retractor mechanism) has striated muscle as an antago- 
nist (the protrusion mechanism). The different functions of the two 
mechanisms are in harmony with their different histo-physiological 
arrangements: retraction (smooth muscle) is usually tonic and stable, 
whereas protrusion (striated muscle) occurs only sporadically. 

The closing of the lids and the protrusion of the n.m. constitute two 
independent reflexes, the result of which is the protection of the eye from 
foreign bodies. Closure of the lids occurs when the lids themselves, 
especially the nasal extremity of the external edge of the superior lid, are 
stimulated. The afferent path of the reflex arc is the V; the efferent path 
is furnished by the VII. Protrusion of the n.m. occurs when the cornea is 
stimulated. In this case the afferent path of the reflex are is again the V; 
the efferent path is supplied by the VI. Dial anesthesia may abolish the 
reflex protrusion of the n.m., but it does not abolish the reflex closure of the 
lids. The center for the V seems therefore to be active; the center of the 
VI (pons) may be inactivated by a sufficient dose of dial, but the center of 
the VII, situated below (in the medulla), remains invariably active until 
death occurs. Sometimes, however, if the dose of dial is slight, there occur 
slow pendular movements of the eye in a horizontal plane, showing relative 
integrity of the nucleus of the VI. It is in these cases that spontaneous 
contractions of the n.m. most frequently appear. 

To obtain a completely denervated and inert n.m. it would be necessary 
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to cut the cervical sympathetic and the VI. A very simple technique 
suffices to cut the cervical sympathetic; but to produce a surviving cat 
with a severed VI is not an easy procedure. This section cannot be 
accomplished in the orbit without severely injuring several of the other 
nervous or muscular structures. An intracranial section of the nerve 
requires the removal of a large part of the homolateral cerebral hemisphere. 

Even if the cervical sympathetic and the VI were cut there might still 
be present under certain anesthetics passive movements of the membrane 
produced by movements of the eye. It is possible, however, to obtain a 
perfectly inert n.m. after cervical sympathectomy, without cutting the 
VI. A deep anesthesia will inactivate this last nerve and the other nerves 
to the eye muscles. In any case, a sufficient dose of curare will remove 
entirely any movement due to striated muscle contraction. 


SUMMARY AND CONCLUSIONS 


The passive, active and reflex movements of the nictitating membrane 
of the cat were studied. 

Passive movements exist, but are insignificant compared with the active 
movement. 

Smooth muscle supplied by the sympathetic causes the retraction of the 
nictitating membrane. 

Striated muscle in the external rectus innervated by the VI pair causes 
the active protrusion of the nictitating membrane independently of out- 
ward rotation or retraction of the eyeball. 

Reflex closure of the lids and reflex protrusion of the nictitating mem- 
brane are independent processes. They have different origins and different 
nerve paths. They have only a similar result,—the protection of the eye 
from irritating agents, chiefly foreign bodies. 

The nictitating membrane of the cat has the same anatomical and 
physiological significance as that of the bird. Their innervation is similar. 

Cervical sympathectomy combined with either section of VI or deep 
anesthesia or curare gives a completely paralyzed nictitating membrane. 
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Two to five hours before the occurrence of ovulation in the unanesthe- 
tized rabbit, the motility of the uterus profoundly diminishes from a 
marked type which is characteristic of oestrus, to a state approximating 
complete quiescence. This happens whether ovulation results from the 
normal stimulus of coitus or from the intravenous injection of whole human 
urine of pregnancy (Reynolds and Friedman, 1930a; 1930b). In view of 
the recent work of Friedman (1932) which shows that either growth of the 
Graafian follicle or ovulation and subsequent luteinization may be pro- 
duced in favorable rabbits by grading the dosage of ovary-stimulating 
substance of pregnancy-urine, it became of interest in the present experi- 
ments to determine the changes which take place in uterine motility as a 
consequence of the administration of such graded, liminal amounts of the 
urine-substance. In addition, an attempt has been made to determine 
whether or not a change in motility so induced is dependent upon the 
presence of the ovaries or if it can occur in the absence of the tissue of the 
Graafian follicles and their associated structures. These experiments fall 
logically, then, into three groups: the uterine motility assocated with 1, 
doses of the urine-substance that are sub-liminal for ovulation; 2, doses 
that are adequate to produce ovulation, and 3, the administration of the 
urine-substance in suitable castrated rabbits, and hence in the absence of 
the ovary. 

EXPERIMENTAL PROCEDURES. The present experiments were performed 
with the concentrate of human urine of pregnancy in the form of the 
“luteinizing hormone”’ of Parke, Davis & Co., to which Company we are 
indebted for a generous supply. As will be seen below, effects other than 
luteinizing were obtained with this material. 

In the three groups of experiments described here, each doe was one 
which had recently dropped a litter. Thus one was assured of a certain 
degree of uniformity of the sexual state in the various rabbits. One day to 
a week post partum uterine fistulae were prepared in the several does and 


1 Fellow in Medicine of the National Research Council, 1931-32. 
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these animals were kept segregated from all other rabbits, as well as from 
each other, until they were sacrificed at the termination of the various 
experiments. Several days were allowed to elapse between the time of 
operation and the commencement of the experiments. The operative pro- 
cedure for preparing the uterine fistula and the method of recording there- 
from have been described elsewhere (Reynolds, 1930; Reynolds and 
Friedman, 1930a). 

Only does showing good initial motility were used, since whole urine of 
pregnancy inhibits the spontaneous motility. In these experiments no 
second or third injection of the urine-substance was made except in the 
presence of a background of good motility against which an inhibiting 
effect might be demonstrated. In the first two groups of experiments, 
single intravenous injections of the “luteinizing hormone’”’ were made after 
an initial control record of uterine motility was obtained, and subsequent 
records were made at suitable intervals after the injection. Exploratory 
laparotomies were performed as was deemed necessary in the individual 
experiments. Upon recovery, later records were obtained and injections 
made as noted. At the end of each experiment careful examination of the 
uterus and ovaries or sites of ovariectomy was made. None of the animals 
included in this study showed uterine infection, adhesions, or inflammation. 

Resutts. a. Doses sub-liminal for ovulation. This series is comprised 
of sixteen observations of the uterine response in eight rabbits. One to 
three series of observations were obtained in the several rabbits with the 
amounts of urine-substance employed varying from 0.05-0.15 cc. in the 
initial injection to 0.05-0.40 cc. in the second injections and 1.0 cc. in a 
third injection in three does. 

The essential feature of the uterine response was found to be a diminution 
of motility in the intervals of three to four and six to eight hours after the 
injection. This decrease in motility occurred in all but one instance, yet 
it varied, from animal to animal, from a slight decrease in the amplitude of 
the contractions in some instances to nearly complete quiescence in others. 
The more profound response was seen in most of the cases. In the one 
rabbit which showed no decrease in motility, the extremely marked pre- 
injection motility nearly doubled in the frequency of the contractions by 
six to eight hours after the injection of the urine-substance. Others showed 
this only temporarily, prior to a condition of relative inactivity. This 
might seem paradoxical to the general inhibitory effect described above 
were it not for the inexplicable observation that an increase in frequency of 
the contractions appears to precede a cessation of orderly, rhythmic con- 
tractions. This in turn appears to be a forerunner of feeble motility 
whether it be faintly rhythmic, undulatory, or arhythmical. Although this 
observation has been described before (Reynolds, 1931a), nevertheless, by 
virtue of the fact that it has been a most common observation in these 
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experiments, the data of the present paper have made this phenomenon 
seem to be a more certain indication of impending uterine inactivity than 
before. Its possible bearing on the uterine motility described for the rat 
has been recently discussed elsewhere (Reynolds, 1932). 

Between the injections, laparotomies were performed and the condition 
of the ovaries determined. Chief of the findings disclosed by laparotomy 
at these times was that in not one instance was ovulation seen to have 
occurred, nor was there any luteinization grossly discernible. The follicles 
attained a diameter, in some instances, of two to three millimeters, as 
measured by a caliper. It is worthy of note, moreover, that in no instance 
in which repetitive injections were made, did ovulation of the experi- 
mentally enlarged, cystic follicles take place, even in those instances in 
which 0.40 ce. or more of the urine-substance was employed. It was found 
that such an amount of this particular batch of material was capable of 
producing ovulation in another doe when a single first injection was made. 
Whenever ovulation or grossly discernible luteinization took place as a 
result of a second or third injection, the response was confined to new small 
follicles. These findings confirm the more extensive observations of 
Friedman (1932). 

b. Doses adequate for ovulation and luteinization. Due to the fact that 
whole urine of pregnancy produced 1, profound uterine quiescence which con- 
tinued for twenty-four to forty-eight hours, and 2, ovulation in each instance 
(Reynolds and Friedman, 1930b), this series of experiments has not been 


repeated at length in this work other than to confirm those findings for the 
somewhat purified urine-substance. The earlier results were amply sub- 
stantiated throughout. Only one doe was an exception, in that at the end 
of twenty-four hours after the injection her uterus showed pre-injection 
motility, but this effect wore off spontaneously by the second day. 

A brief generalization, which only approximately describes the results 
outlined in the two sections above, may be stated in the following manner: 


Ovarian responseé Uterine response 
1. Abnormal follicular growth . Transitory decrease in motility in 
(cystic follicles) or no grossly 4-8 hours following injection; 
discernible follicle growth permanent return to pre-injec- 
tion type in 24 hours 
2. Ovulation and _ luteinization 2. Decrease in motility in 4-8 hours 
grossly discernible; possibly following injection with no re- 
corpora hemorrhagica alone turn of motility in 24-72 hours 
3. Ovulation of several follicles plus 3. Decrease in motility in 4-8 hours 
many cystic follicles from pre- following injection, with a tem- 
Vious injections porary return of motility in 24 
hours followed by spontaneous 
occurrence of inactivity in 48 
hours (only indicated in these 
experiments) 
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ce. The action of the urine-substance on the oestrin-activated uterus of the 
castrated rabbit. Castration experiments were performed on eight animals 
with the injections being repeated in two animals. Thus ten observations 
were made in this series. Since uterine quiescence rapidly supervenes after 
castration, and since oestrin is the only substance that has yet induced 
rhythmic motility in uterine fistulae (Reynolds, 1931a), it was necessary to 
resort to oestrin (Theelin) injections to provide a background of spontane- 
ous motility against which a motility-inhibiting effect of the urine-sub- 
stance might be shown. Because of this it may not be said that these 
experiments were performed in the absence of ovarian influence, but only 
that they were done in the absence of ovarian tissue which might conceiv- 
ably contribute to the effect. 

The use of Theelin led to several complicating factors, but fortunately 
they were ones with which it was easy to reckon. First, the dosage was 
considered to be a factor of prime importance, especially in the light of 
recent work which showed that 5 rat units of oestrin per kilogram of body- 
weight overcomes the initial inhibition of motility that normally follows 
coitus in the rabbit. Further, since slightly less than 2 rat units per kilo- 
gram of body-weight is known to be about liminal for a good Theelin 
response in recently castrated rabbits, it was apparent that the Theelin 
dosage must be in this order of magnitude (Reynolds, 193la). A second 
consideration concerned the time during the Theelin response that an 
inhibition of motility could be demonstrated with certainty. It is known 
that the time at which maximal activity occurs is about twenty to twenty- 
four hours after intravenous administration of Theelin to rabbits, and that 
such motility continues until thirty or more often forty hours after the 
first of four Theelin injections (Reynolds, 193la). Accordingly, it was 
decided that the amount of Theelin to be used in the present experiments 
should be about 2 rat units per kilogram of body-weight, and that the 
urine-substance should be given as before, in a single intravenous injection, 
between the twenty-second and twenty-fourth hours after the first of four 
injections of Theelin. 

The results obtained were most satisfactory considering the difficulties 
likely to be encountered. In six of the ten experiments a profound and 
nearly complete diminution of motility was seen; two others showed a 
distinct change as regards the frequency, and only two showed no change at 
all. Because of the fact that the decrease in motility was only transitory, 
and motility of the pre-injection type returned by ten and persisted for 
twenty-four hours or more after the injection of the urine-substance (forty- 
eight hours or more after the Theelin), it is obvious that this effect is a 
decrease which resembles that which takes place in the presence of the 
ovaries, yet which here occurred in the absence of ovarian tissue and so 
was not dependent upon it. 
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Particular attention should be called to the two exceptions in this series of 
I 
experiments. The first of these had received 3.6 rat units of Theelin per 


Fig. 1. Records from a Theelin-injected castrated rabbit showing that the transi- 
tory decrease in uterine motility following administration of the gonad-stimulating 
substance of urine of pregnancy may take place in the complete absence of ovarian 
tissue. Protocol of this experiment: Rabbit 15 dropped litter 11/14/31. Weight 
2.60 kgm. 

11/20 Castrated and fistula prepared. 

11/22 1.5r.u. Theelin per kgm. (3.9 r.u. total, or 0.0075 ec. in four divided 
injections of 0.0025 cc. each in seven hours; Theelin stated to con- 
tain 50 r.u. per cee. 

11/23. Twenty-four hours after Theelin (time of maximum response). 
Normal Theelin motility. Received 1.0 ec. of urine-substance, 
10:30 a.m. 

1:30 p.m.; 3 hours after urine-substance (see text for discussion of 
significance of the increase in rhythm 
5:30 p.m.;7 hours after urine substance 
9:30 p.m.; 11 hours after urine-substance. Compare with pre-injec- 
tion motility in A above. 

11/24 Twenty-four hours after urine-substance (48 hours after Theelin 

11/25 Forty-eight hours after urine substance (72 hours after Theelin). 
A typical waning of the Theelin effect as described elsewhere 
(Reynolds 1931a). 

Autopsy: No sign of uterine infection or adhesions. Sites of ovariectomy clean 

Time, 10 seconds. M, mechanical response to indicate the potency of the system 
One-fifth original size. 
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kilogram of body-weight. This amount is almost certainly near the 
threshold for a Theelin response during the first day or so of normal pseudo- 
pregnancy (Reynolds, 1931b). Since this doe later showed a profound 
uterine response resulting from an injection of urine-substance after only 
2.0 rat units of Theelin per kilogram of body-weight, it is reasonably cer- 
tain that this exception may be explained on the basis of too high an initial 
dosage of Theelin. The second exception can hardly be included in this 
series of experiments for it died on the sixth day following the Theelin 
injections from a diffuse peritonitis. Since she had diarrhea on the third 
day, it is quite certain that the infection was a result of the operation at 
which time a brown mass of necrotic fetal membranes was removed from 
the vagina as it was transected in the course of preparing the fistula. Inas- 
much as the condition of the doe was not suspected until the experiment 
was well under way, however, data from her have been included in this 
series, yet it seems but fair to point out that she is the only doe rendered 
unfavorable on account of infection, and that not of the uterus. 

Discussion. Theelin-activated uteri in castrated rabbits. A word should 
be said regarding the relatively large amounts (1.0—2.5 ec.) of urine-sub- 
stance employed in these castration experiments. No attempt has been 
made to determine the minimal effective dose, but only to demonstrate 
whether or not the effect may be obtained without the follicular and 
associated apparatus. It would seem that until one first knows the 
quantitative amounts of oestrin normally present in a post partum doe, as 
used in these experiments, and of the various other hormones concerned in 
the post coital uterine quiescence, such quantitative studies would yield 
little to our understanding of the underlying cause of this transitory type 
of uterine quiescence. 

Graded doses and the ovary response. The data of the above experiments 
completely bear out the findings of Friedman; namely, that in suitable 
dosage either excessive follicular growth or luteinization may occur, the 
latter condition being associated with ovulation or intrafollicular hemor- 
rhage and retained ovum. They emphasize a fact pointed out by Fried- 
man, that not only repeated injections of subliminal amounts of the urine- 
substance fail to elicit ovulation in the cystic follicles so produced, but that 
doses ordinarily adequate for ovulation are without effect on these experi- 
mentally produced cystic follicles. Chief characteristic then of the ovary- 
response is that the effects are regular and predictable thoughout. 

Graded doses and the uterine response. In striking contrast to the regu- 
larity of the ovarian response to graded doses of the urine-substance is the 
irregularity of the uterine response not merely to graded doses, but to the 
identical graded doses that effected the ovarian response. The latency of 
the uterine response is not shortened by increasing the dosage, nor is the 
intensity of the response increased. Indeed it may vary rather widely 
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with the same dosage from animal to animal, or even in the same animal 
upon repetition of the injection. The lack of uniformity must end here 
however, for in one respect there appears to be a definitely predictable 
phase to the uterine response. It is associated with the absence or occur- 
rence of ovulation. If marked motility of the uterine fistula results 
twenty-four to forty-eight hours or longer after the urine-substance injection, 
it is certain that ovulation has not taken place, whereas if feeble motility 
or none at all is seen, it is equally certain that ovulation has taken place. 

Effect of the ovary on the uterine response. By the token, that the ovarian 
response may be predicted from the uterine response, it is therefore clear 
that the uterine response is influenced by and in part is dependent upon the 


changes that take place within the ovary, as a consequence of the injection 


of the gonad-stimulating agent of human urine of pregnancy. Moreover, 
the high degree of sensitivity to such small doses as 0.05 ec. of the urine- 
substance would make this seem all the more probable. Despite the fact, 
therefore, that the uterine response has been demonstrated in the oestrin- 
injected castrated rabbit it is impossible to exclude the ovary as a con- 
tributing factor when it is present. 

The bearing of these findings to the physiology of the decrease in uterine 
motility that normally occurs in the rabbit after coitus is difficult to 
appraise at the present time. Especially is this so in view of the increasing 
doubt that has of late been cast upon the identity of the ovary-stimulating 
substance of human urine of pregnancy (see Wallen-Lawrence and van 
Dyke, 1931). The knowledge, however, that the uterine response is 
inseparable from the ovarian response after coitus and that it also occurs 
under the conditions here described leaves the question still open as to its 
physiological meaning. Investigations of the uterine motility in the 
hypophysectomized rabbit with appropriate substitution therapy will tend 
to show how correct the assumption is that the urine-substance effect. on 
uterine motility simulates in this respect the behavior of the anterior 
pituitary extracts. Such investigations are now in progress in this labora- 
tory. 

SUMMARY 

As little as 0.05 ec. of the ovary-stimulating substance of human urine of 
pregnancy induces a transitory decrease in the motility of the uterus of the 
unanesthetized rabbit, in six to eight hours. When the ovary is present 
only excessive follicular growth results from such a small dosage of the 
urine-substance. Larger amounts (0.4-1.0 cc.) in the presence of the 
ovary induce lasting uterine quiescence and at the same_ time, ovulation. 
With such amounts, a similar response has been demonstrated in suitable 
castrated rabbits. One may conclude that the effect of the urine-sub- 
stance is independent of the ovary, yet when this organ is present it prob- 
ably contributes to the effect. 
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For some time in this laboratory we have been testing the urines of 
women for the excretion of oestrin. The first of these tests, made on the 
urines of pregnant women, has been reported previously (1). These 
women were being treated for threatened miscarriage by an extract of 
pregnant urine supplied to us by Parke, Davis & Company and at that time 
called by them “luteinizing hormone.”’ In the eight cases reported we 
demonstrated a drop in the level of oestrin in the blood and urine following 
a course of injections. Chart 1 shows that this is probably due at least in 
part to increased excretion. We have since done several more such experi- 
ments on cases of threatened miscarriage which have confirmed our pre- 
vious findings and have offered rather promising clinical results. Whether 
the effect of this hormone is direct or through the pituitary or ovary cannot 
at present be concluded. 

We have also tested a great many urines of patients who were receiving 
oestrin in one form or another for the treatment of sterility or amenorrhea. 
In practically all of these urines there was no trace of oestrin, although the 
women were taking as much as 200 to 400 R.U. daily by mouth. Frank, 
in his extensive work on this subject, has reported the same finding (2), 
as has also Zondek (3). 

The clue to this situation was suggested when we discovered that proges- 
tin (prepared according to the method of Corner and Allen, 4) causes the 
excretion of injected oestrin in rabbits (5). In the report of this work we 
mentioned the possibility of evolving a test for corpus luteum, and hence 
presumably follicular activity in women, on the basis of this finding. Such 
a test would be of diagnostic value in cases of sterility and amenorrhea. _ If 
in humans, as in rabbits, progestin causes the excretion of oestrin, it should 
be possible to differentiate between a persistent corpus luteum, regular 


cyclic activity of the corpus luteum, and irregular appearance or total 
absence of the corpus luteum. If we can assume that a cyclic activity of 
the corpus luteum is preceded by a ruptured follicle, the results could also 


be considered as indicative of the occurrence of ovulation. 
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The amount of oestrin normally excreted by women at any time during 
the menstrual cycle is so small that it can be found only by extracting large 
amounts of urine. Frank has found urine tests so unsatisfactory that he 
has used blood almost exclusively in following the cyclic level of the oestrous 
hormone (6). He does report, however, having found by his method of 
extraction a peak in the excretion of oestrin between the 17th and 24th day 
of the cycle (2). Zondek also reports that the excretion is tripled in the 
premenstrual period (3). It is at this time that the corpus luteum is pre- 
sumably present. Our own results are in agreement with these findings. 
By our method of testing the unextracted urines, however, excretion is 
never demonstrated in non-pregnant women except when oestrin is being 


CHART 1 
Showing the effect of ‘“‘luteinizing hormone’’ upon the level of oestrin in a pregnant 
woman 


Mrs. B., 4 months, 5 cc. ‘‘luteinizing hormone’”’ daily from 5/3/31 through 5/16/31. 


5/3/31 | 5/4/31 | 5/11/31 5/13/31 5/18/31 5/27/31 
A.M. | " | AFTER AFTER 2 DAYS 10 Days 

BEFORE | | 1 WEEK 9pAaYS | AFTER AFTER 
FIRST | | OF IN- OF IN- LAST LAST 


INJECTION! INJECTION) JECTIONS | JECTIONS | INJECTION) INJECTION 


Urinary excretion of oestrin 


*1 mgm. 


+++ 
5 mgm. 
10 mgm. 


Oestrin in the blood 


6 cc. + 


* Amounts of urine equivalent to 1 mgm. creatinine. 


administered. Frank also reports that occasionally a second peak in 
excretion occurs during the first few days of the menstrual flow. We have 
not found this in any of the cases that we have followed, although, as will 
be reported below, the excretion sometimes continues from the 17th day of 
one cycle through the third or fourth day of the next, indicating to us a 
delayed regression of the corpus luteum. 

Our procedure is to follow the morning urines of women twice a week over 
a period of one or preferably two months while they are taking 200 to 300 
R.U. of oestrin daily by mouth. Most of the cases reported have been 
taking this in the form of Progynon tablets (supplied by the Schering 
Corporation of New York). We have also used a chloroform extract of 
the urine of pregnancy made up in this laboratory. The extract is evapo- 
rated to dryness, taken up in olive oil and put up in capsules containing 
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about 200 R.U. each. In one experiment a normal male took 1000 R.U. 
of this preparation and excreted no demonstrable amount of oestrin during 
the following four days. This same amount has been taken repeatedly by 
a normal female, with consistently negative excretion, according to our 
method of testing, except at the time in the cycle when her ovaries would be 
expected to contain an active corpus luteum. 

The Allen-Doisy rat smear method is used in testing for oestrin, and the 
urines are acidified but not extracted. Creatinine is first determined on 
each specimen by the simple Folin colorimetric method (6). The amount of 
urine equivalent to 10 mgm. of creatinine is then calculated and this amount 
is given to two or more spayed rats in three injections four hours apart. 
The smears are read 48 hours from the first injection. A full oestrous smear 
is indicated by +++; a full preoestrous smear, i.e., nucleated cells only, is 
called ++; a smear that is mostly nucleated cells is + ; and a smear showing 
some nucleated cells among the white blood cells is +. Only complete dioes- 
trous smears, i.e., white blood cells only, are designated —. It is important 
to have some standard amount of urine for injection which depends upon 
the concentration of the urine such as the creatinine content. Injecting a 
given volume of urine for each test would only lead to confusing results, 
for even morning urines differ greatly in concentration and we have found 
that the total 24-hour excretion of oestrin is the same whether the urine 
output is 4000 or 800 ce. We use creatinine as a gauge of concentration 
merely because it is fully as dependable and more convenient than collect- 
ing 24-hour urines. Since a normal 150-pound female excretes about 1 
gram of creatinine in twenty-four hours, 1/100th of a mixed 24-hour speci- 
men would be approximately the same volume as the amount equivalent to 
10 mgm. of creatinine. 

A summary of the results on the cases followed is given in chart 2.' 
Case 1 is a patient being treated for sterility who has regular but scanty 
periods, lasting only one or two days. Considering the fact that she 
showed excretion of oestrin from the 17th to the 28th day of each month, 
we would infer that there is a cyclic appearance of a corpus luteum, probably 
preceded by an ovulation. There is another point worth bringing out in 
connection with this patient. During one month, not reported in the chart, 
her urines were followed with consistently negative results for the excretion 
of oestrin. It was afterwards found that her supply of Progynon had given 
out and she was taking none during the period between the 15th and 28th 
day of the cycle. This, together with like experiments on case 7, our 
normal control, gives rather conclusive evidence that oestrin in the forms 
given is absorbed when orally administered. 


1A preliminary report of some of these cases was included in a paper read in 
November, 1931, before the Obstetrical Society of Boston by Dr. John Rock of the 
Free Hospital for Women, Brookline. 
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Case 2 has had no periods for three years. She was taking Progynon for 
six months before the routine test was started and of the urines tested during 


CHART 2 
Variations in the excretion of oestrin by women taking 200-300 R.U. daily by mouth 
Urines tested in amounts equivalent to 10 mgm. creatinine 


| 
CONDITION 


| DAY 
47TH DAY 

| 7TH DAY 
DAY 
147TH DAY 
DAY 
DAY 
247TH DAY 
28TH DAY 
4TH DAY 


1) Sterility and | 
| scanty periods | 


2; Complete amenor- 
rhea for 3 years 


3} Sterility, regular | | 4 


cta. | cta. 
| Complete amenor- 


rhea; hot flushes Sede 


| Complete amenor- |— + + 
rhea for 3 years 
since birth of 
child 


| Complete amenor- |— 
rhea for 2 years | 


since miscar- 
riage 


| Normal; regular |— 


cta. cta. cta. 


scanty 


| | 
| — ++] + 


| 
+++/!/+++) 2 weeks overdue. Stopped Progynon 


that period all but one were completely negative. From the results given 
in the chart, however, it would appear that corpus luteum activity occurred 
twice during the two months reported, but not at regular intervals. 
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Case 3 is a patient who has regular periods lasting five to six days. She 
is being observed for sterility. From the results we would conclude that 
her corpus luteum formation (probably preceded by ovulation) occurs 
regularly. 

Case 4 is completely amenorrheic. She also suffers from hot flushes, 
which are controlled by oestrin. Her urines were followed only for a short 
time but long enough to indicate that she had an active corpus luteum 
Since two of her urines were completely negative it seems safe to assume 
that it is not a persistent corpus luteum. 

Case 5 has been completely amenorrheic for three years, following preg- 
nancy. She was being given Progynon for hot flushes. From the results 
we would assume that she had no corpus luteum during the month that her 
urines were analyzed, and therefore probably no ovulation. 

Case 6 has had no periods since a pregnancy two years ago which was 
miscarried. She also gave consistently negative excretion, indicating 
the absence of any corpus luteum. 

Case 7 is a normal control, age 30, who has regular periods lasting six 
days. Her excretion would indicate that an active corpus luteum appears 
on the 17th day of each cycle. During the first month this lasted only to 
24th day and was followed by a normally profuse catamenia. During the 
second month, however, the excretion continued through the fourth day of 
menstruation. It is interesting that the flow during this period was 
markedly more scanty than usual. Inasmuch as case 3 showed the same 
sort of thing, the possibility must be considered that the continued adminis- 
tration of oestrin in large amounts may in some way cause a prolongation of 
the activity of the corpus luteum, although we know of no theoretical basis 
for such an effect. 

Number 8 is a ease of sterility. Her periods usually occur regularly but 
are occasionally one to three weeks late. Six days before the test was 
started she had finished a normal five-day menstruation. Her urines were 
followed for a month and were all markedly positive for the excretion of 
oestrin. Considering the fact that her period was two weeks overdue, we 
advised her to stop taking the Progynon, since there was a possibility that 
she was pregnant. An Ascheim-Zondek test on her last urine, however, 
was negative. We would therefore conclude that she had a persistent 
corpus luteum.’ 

These tests appear to be of promising diagnostic value and are being 
continued in this laboratory with that idea in view. At present, however, 


?Further developments on this case since this paper went to press are worth 
reporting. A second Ascheim-Zondek test was done when the patient was four weeks 
overdue, and was questionably positive. An Allen-Doisy test on this same urine 
showed evidence of some excretion of oestrin but not as marked as when she was 
taking Progynon. Two weeks later, when she was six weeks overdue, a third 
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they are principally interesting to us because they confirm our previous 
findings in rabbits (5) and indicate that in women also the corpus luteum is 
concerned with the excretion of oestrin. 


SUMMARY 


Oestrin has been given orally to women, whose urines were followed for 
its excretion over a period of one or two months. Eight cases are reported, 
including four amenorrheic patients, three sterile, and one normal control. 
The results would indicate that in women as in rabbits oestrin is excreted — 
only when the organism has been exposed to the action of corpus luteum. 
It appears possible by this means to differentiate between a persistent 
corpus luteum, irregular appearance or total absence of corpus luteum, 
and cyclic activity of the corpus luteum. 
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Ascheim-Zondek test gave a typically positive result. It is generally accepted that 
the urine of a pregnant patient gives a positive Ascheim-Zondek test as early as one 
week after a missed period and we have even found it two days after. It therefore 
seems probable that this patient was not pregnant at the time of the test for corpus 
luteum activity and while she was taking Progynon. 
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It has been reported by Kunde (1927) that dogs made toxic by the 
ingestion of thyroid extract or thyroxin develop a polydipsia and a poly- 
uria, and that with the establishment of these conditions, one may at times 
observe excessive quantities of saliva dripping from their mouths. The 
polydipsia and the polyuria may reach five to six times the normal (higher 
values were obtained by Kunde—1927). If the quantity of water consumed 
by a dog in twenty-four hours can be taken as the index of the thirst which 
the animal is experiencing, then the study of hyperthyroid polydipsia 
resolves itself into the study of a type of pathological thirst. Should the 
drooling of saliva from the mouth bear any relationship to experimental 
hyperthyroidism and polydipsia in the dog, then a quantitative study of 
salivary secretion in both normal and hyperthyroid conditions should yield 
valuable information on the thirst mechanism. According to Cannon 
(1919), Pack (1923) and others, thirst is a sensation of the dryness of the 
mouth and pharynx, brought about by a diminished salivary output. 
On this theory, polydipsia and normal or excessive salivation should not 
be present at the same time. 

Metuop. The work was done on dogs with permanent salivary fistulae 
of the submaxillary ducts. Details of the operation are unnecessary since 
the method and technique are outlined by Kleitman and Crisler (1927) 
The arrangement for collecting the saliva is also described by these authors. 
The time allowed for healing was from a week to ten days. The dogs were 
then trained to stand in the type of holder commonly used for the collec- 
tion of gastric juice in gastric pouch dogs. A week of training was suffi- 
cient to have the dogs become accustomed to their new duties. Salivary 
flow was stimulated by feeding the dogs a teaspoonful of pulverized dog 
biscuit every three minutes for one hour with readings recorded imme- 
diately preceding each administration. Water balance studies were con- 
ducted on two of the dogs. Determinations of water intake and urine 
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output were recorded every twenty-four hours throughout the entire 
course of the experiment. Standard weighed maintenance diets consisting 
of meat (ground beef lung, and ground beef heart), bread, bone meal, and 
water were given to all dogs throughout the entire work. Bone meal was 
found to be useful in maintaining well formed stools. A series of control 
experiments was made prior to the thyroid feeding period. At the com- 
pletion of the control period the dogs were made hyperthyroid by means of 
desiccated thyroid. Dogs are relatively refractory to thyroid treatment 
(Carlson—1912). Hence a dose of one gram of desiccated thyroid per 
kilogram body weight was given daily. Since basal metabolic studies are 
the “most specific criterion of hyperthyroidism available at the present 
time’’ (Kunde—1927), it appeared advisable to run a series of such tests on 
one of the dogs after the method of Kunde (1924). Temperatures and 
pulse rates were also recorded on three dogs but the degree of fluctuation 
of the pulse rate at each reading was far too great to have any physiological 
importance. Since the slightest physical or emotional upset produces 
great variations in the pulse rate in dogs (Carlson, 1912), this procedure 
was soon discontinued in two animals but was continued in the third in 
as accurate a manner as laboratory conditions would permit, since this 
dog was utilized for basal metabolism studies. In this animal, records 
of body temperature and number of respirations per minute were also 
recorded. Throughout the hyperthyroid phase of the research, quantita- 
tive studies of salivary secretion were conducted in the same manner as 
obtained under normal conditions. When the desired degree of experi- 
mental hyperthyroidism was obtained, thyroid treatment was stopped and 
the animals were permitted to return to normal and control salivary tests 
again made. 

On the basis of the results obtained in the hyperthyroid experiments, 
it seemed important to determine more accurately the relation between 
tissue dehydration and salivary output. This phase of the problem was 
carried out on four dogs. Salivary response was determiaed on varying 
fluid intakes, including the water in the food. Two dogs were daily given 
a quantity of water equal to their average normal intake as determined 
previously by water balance studies, plus one gram of desiccated thyroid 
per kilogram body weight. In two other dogs dehydration was produced 
by the gradual reduction in the quantity of water given daily and the 
effects on salivary secretion were noted. Urine volumes were recorded on 
all dogs. 

Resutts. The results are presented in tabulated form. It will be 
seen from table 1 that on unlimited water intake there is no appreciable 
change in the reflex response of the salivary glands in hyperthyroidism. 

Since the results obtained from water balance studies on all dogs were in 
agreement, table 2 presents the data from one dog. Each figure represents 
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the average for five days. During the hyperthyroid period the polydipsia 
and the polyuria are well illustrated. 


TABLE 1 


Salivary secre tion u nlim ite d water intake 


TOTAL SECRETION PER HOUR 


First control Hyperthyroidism 


Num- Num- 


ber of ber of 
High pa High Low High 


vations vations vations 


ce. 


43.1} 21 

36.5 19 

39.9 10 

2 36.8 13 


* Average for total number of observations. 


TABLE 2 
Average daily water inlake and urine volume for five day periods 
Dog II 


HYPERTHYROID PERIOD 


CONTROL PERIOD 1 GRAM PER KILO 
G 


THYROID STOPPED 


Water intake Urine output Water intake Urine output Water intake Urine output 


151 420 197 754 
188 568 465 454 
218 530 356 492 
177 436 355 360 
522 421 380 
602 540 352 
533 392 425 

685 594 

870 700 

1,207 618 

930 669 

1,001 678 

814 602 

910 752 

873 460 

1,014 604 

1,192 726 

1,100 905 


Part of the data on salivary response in dehydration are presented in 
table 3. With the water intake kept constant, the ingestion of desiccated 
thyroid induced decreased salivary response, the animals showing at the 


NUM- 
BER | Num- 
I 8 46 53.3 | 30.0 | 41.1) 8 52.2 416 463 
II Ss 48 54.4 | 34.2 | 43.3) 7 52.5 38.0 48.1 
III 8 56.5 | 35.8 143.7, 5 | 48.5 37.2 43.6 
IV 9 42 38.5 | 27.0 | 33.4 6 46.5 24.1. 38.0 
160 392 
319 278 
161 263 
112 272 
264 
256 
275 
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same time symptoms of dehydration. Thyroid was continued but the 
dogs given water ad libitum. Salivary response returned to normal within 
twenty-four hours. The experiment was repeated with the same results. 
The voluntary daily water intake of dog IX was 400 ce. Reducing the 
water intake to 300 cc. per day, caused no appreciable change in salivary 
response. However, with a reduction to 250 cc. symptoms of dehydration 
(restlessness, hyperemia of oral and pharyngeal mucosa, dry nose and eyes, 
difficulty in swallowing) appeared, but salivary response was only slightly 
decreased. Further reduction to 200 cc. of water caused severe dehydra- 


TABLE 3 
Salivary response per hour. Dehydration 


Dog VII 


400 cc. WATER INTAKE PLUS 1 GRAM OF THYROID PER KILO 


CONTROL—400 CC. WATER INTAKE 1 GRAM THYROID PER KILO PLUS WATER AD LIB, 


ce. 


47.6 


6 
9 
5 


300 cc. WATER 250 cc. WATER 200 cc. WATER SECOND CONTROL— 


.—400 | 
FIRST CONTROL— 4 INTAKE. DAILY | INTAKE. DAILY INTAKE. DAILY 400 cc. WATER 
| 


CC. WATER INTAKE |  XPERIMENTS EXPERIMENTS | EXPERIMENTS INTAKE 


cc. | cc. cc. cc. 
32.0 35.: 32 19.£ 
31 8 27.5 21. 
32. 29 i. 
36. ¢ 21. 
32. 2! 18.; 


2 


wwwhrdsw 
: 


or 


| 
| 


Av. .33.1 | Av..22.; | Av..29.: | Av..19.7 


tion with an appreciable reduction in salivary response. With the restora- 
tion of 400 cc. of water daily, the salivary output returned to normal. 

Discussion. If salivary secretion regulates thirst, then one should 
expect an alteration in the reflex response during hyperthyroidism, because 
of the associated polydipsia as illustrated in table 2. This was not found. 
The response of the salivary glands remained normal despite the increased 
water intake. Further, Doctor Montgomery (1931) found no increase in 
the water intake in dogs whose salivary glands were extirpated, that is, 
in dogs with relatively dry mouths. 


42.4 48.2 
44 35.8 49.5 
43 my 50.3 
47 33.7 44.5 
42 29.5 43.5 
18.2 
Av.......45.1 Av... ..:.4.8 
Dog IX 
av. 
a 


REFLEX SALIVARY RESPONSE IN DEHYDRATION 563 


Table 3 illustrates that with controlled water intake thyroid causes 
dehydration. Dehydration was also produced by the gradual reduction 
in water intake. Throughout the entire phase of this work, symptoms of 
dehydration presented themselves before any reduction in salivary 
response. 

The daily volume of urine varied directly with the salivary response in 
the experiment of table 3. 

CONCLUSION 

1. The reflex response of the submaxillary gland does not change in 
hyperthyroid polydipsia. 

2. When dogs are kept on the water intakes voluntarily consumed prior 
to thyroid feeding, desiccated thyroid produces dehydration and decreased 
salivary response. 

3. Dehydration symptoms appear before any appreciable diminution 
in the reflex response of the salivary glands. Salivary response is, there- 
fore, not a delicate measure of tissue dehydration, at least in the dog. 


The author wishes to express his appreciation for the aid and advice 
given him by Dr. A. J. Carlson, under whose supervision the work was 
carried out. 
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A detailed survey of the data obtained from chronaxie measurement on 
the nerve-muscle group has shown that the values typically exhibit con- 
siderable variability (Fredericq, 1928). This fact makes any interpreta- 
tion of the chronaxie relationships between various muscle and nerve 
groups extremely untrustworthy, when the investigator must resort to a 
selection of the best values, or the apparently most reliable cases. Pre- 
liminary experiments on the human subject showed a marked variability 
from one chronaxie determination to the next, which not only made im- 
possible any conclusions concerning the relationship between muscle- 
groups, but also necessitated the study of the nature, extent and course of 
the variability itself if any experiment on muscle-group relationships were 
to be considered significant. 

Variability in sensory thresholds has received considerable treatment 
by Urban (1909; 1910), Culler (1927), Boring (1916) and others. Maxi- 
mum reliability in selecting a threshold value in these psychophysical 
procedures is obtained by statistical treatment of the data derived from 
the constant process method. This method consists essentially of select- 
ing a range of stimulus values, the upper limit of which always produces a 
response and the lower limit of which never produces a response. This 
range is divided into equal steps and 100 stimuli applied on each step. 
The results of this method when plotted give the constant process ogive 
(Phi Gamma curve). Since thresholds of motor excitability in the nerve- 
muscle complex apparently exhibited a similar variability, the Constant 
Process Method was applied to determine the most probable threshold. 
In addition the statistical methods available for the measure of sensory 
threshold variability were applied to motor excitability. 

Chronaxie measurements were taken on man by the usual technique of 
condenser discharges described by Bourguinon (1923). The apparatus 
differed from that of Bourguinon in that the electrodes for the motor points 


1 The experimental work outlined in the present paper was completed at the Uni- 
versity of Iowa. 
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of the muscles were fastened securely in the proper position after the motor 
point for a given muscle had been located. In addition a highly sensitive 
optical lever was devised to facilitate the observation of the threshold 
twitches. 

The results showed that a single threshold determination gave a range 
of chronaxie values. At the upper limit of this range 98 to 100 per cent of 
the stimuli produced observable responses while at the lower limit from 
2 to 5 per cent of the stimuli produced observable responses. The per- 
centage of responses observed at each of from five to seven equal steps 
in this range distributed themselves according to the constant process 
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ogive (the Phi Gamma curve, see fig. 1).2. The empirical curves obtained 
from applying 100 stimuli at each step and in other cases by applying only 
20 stimuli at each step were found (by the Chi squared test of goodness of 
fit, which is the mathematical procedure to determine the extent to which 
the empirical or experimental curve for a given threshold fits the theoretical 
Phi Gamma curve (Kelley, 1924)) to fit the theoretical Normal Curves 


2 The constant process ogive or the Phi Gamma curve is the ogive shaped curve 
depicting the distribution of responses which occur on determination of any psy- 
chophysical threshold (light, sound, cutaneous sensitivity to pain, pressure and so 
on) by the constant process method. The threshold in other words is not sharply 
defined, but is graded according to an accumulative chance distribution over a con- 
siderable range of stimulus values (Thurstone, 1927; 1928). 
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very nearly to perfection.? (See fig. 1.) This fact makes the use of the 
complete constant process method an accurate and convenient means of 
determining chronaxie thresholds and their variabilities. 

Further results showed that in taking chronaxie measurements on man 
(and likewise to a lesser degree on the intact frog) it was advisable to apply 
only 20 stimuli to each of five steps in the range of chronaxie values. A 
study of the duration of the chronaxie range demonstrated that the range 
for the determination by the constant process method shifts in value before 
100 stimuli can be applied to each step, but will ordinarily remain constant 
for 20 stimuli per step. It is significant that the curves obtained from 
administration of 20 stimuli on each step are practically as good fits as 
those obtained with 100 on each step (see fig. 1). The fact of a shifting 
range made the measurement of a single definite chronaxie extremely diffi- 
cult at times, and further, made it impossible to determine a legitimate 
chronaxie value without the use of the constant process method. These 
shifts were probably due to the phenomena of subordination described by 
L. Lapieque (1923; 1928) and will be mentioned more in detail in a later 
section in order to demonstrate their basic physiological importance. 

The procedure for determining a chronaxie value by the constant process 
method may be summarized as follows: 

1. Determine by a few preliminary stimuli the value of stimulation 
(at double the rheobasic intensity) which always produces a response. 
This is the upper limit. 

2. In like manner determine the time value just a step below the lowest 
value at which a response can be observed. This is the lower limit. 

3. Divide the range between the upper and lower limits into five equal 
steps. 

4. Beginning with the lower limit give five stimuli on each step up to the 
upper limit, recording the number of responses observed at each step. 
In like manner proceed from the upper limit down and repeat the process 
until a minimum of 20 stimuli has been given at each step. (For perfect 
accuracy 100 stimuli should be given at each step. The reason for select- 
ing 20 is explained above.) It is necessary to check the rheobase after 
20 stimuli or even more often at times to avoid spurious changes in chro- 
naxie. 

5. When the percentage of responses observed at each step is recorded, 
the chronaxie may be determined by the formula for the constant process. 


(Sum xW)h — (yW) 


(Sum W) (c.t.) Guessed Mean 


M 


3 One of the authors (Jasper) has recently obtained quite similar curves by the 
application of Lapicque’s electrodes directly to the sciatic nerve of the frog while 
studying in Lapicque’s laboratory at the Sorbonne on a grant from the Rockefeller 
Foundation. 
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Where c.i. = no. of units between each step 
and x = deviations from the guessed mean 

W = Urban’s weights for the constant process (Arch. f.d. ges. 

Psych., 1909) 
(Sum W) (Sum zyW) — SumyW’) (Sum zW 
(Sum W) (Sum z?W) — (Sum zW)? 
6. The probable error for a given chronaxie may be determined from 

the formula (Culler) 


0.84535 
P.E. 
h Sum nw p 


Where n = number of stimuli on each step 
W = Urban’s weights 
p = per cent responses observed on each step. 

One experiment will serve to illustrate the use of this method and some 
of its advantages. Electrodes were applied to both the right and left 
biceps of subject II so that determinations could be made on each muscle 
in rapid alternation merely by the shifting poles on a double throw switch. 
One hundred stimuli were appled first to the right and then to the left 
biceps (20 on each of five steps) alternately until 500 stimuli had been 
applied to each muscle. This series was completed in 1 hour and 10 min- 
utes. The chronaxie of the right biceps was found (by the Constant 
Process) to be 0.076 sigma with a S8.D. of 0.009 sigma. The chronaxie of 
the left biceps was 0.150 sigma with a 8.D. of 0.017 sigma. Since the 
obtained difference of 0.074 was four times its 8.D. (0.019) it can be con- 
sidered statistically significant. 

In taking chronaxie measures in many physiological experiments it is 
somewhat impractical to use the full constant process for the determination 
of the threshold. If the formula is not used the most accurate threshold 
is that which gives responses 50 per cent of the time. (Use of the formula 
gives the more accurate threshold value relative to the actual data ob- 
tained, and presupposes a threshold at fifty per cent of responses in the 
ideal case.) In no case can an observed difference between two chronaxies 
be considered statistically significant if it is less than 15 per cent of the 
higher obtained value (the percentage equivalent of 3 P.E.). If the sig- 
nificance of the differences is calculated one may find differences which are 
reliable at a lower percentage but they can not be safely assumed without 
calculation. 

It was found by use of the constant process on a continuous series of 
thresholds (giving 20 stimuli on each step for each threshold) that the 
chronaxie in a given muscle varies in a cyclic course throughout a six or 
seven hour period. Taking subject II again, as an example, the chronaxie 
at the crest of the cycle on the left biceps was 0.221 sigma (S.D. 0.007). 
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At the trough of the cycle the chronaxie was 0.124 sigma (S.D. 0.008). 
The difference between the chronaxie at the crest and at the trough of the 
cycle was nine times its 8.D. indicating a decidedly significant difference 
between crest and trough values. This particular cycle was approximately 
2 hours from crest to crest with the trough falling 68 minutes from the first. 
crest. Many other cycles have been recorded which vary in time from 
40 to 130 minutes from crest to crest. 

Individual differences in extent, in time, and in regularity or smoothness 
of the cycles were observed as well as differences in the same individual 
from day to day. Numerous checks made it seem highly improbable that 
the cyclic variations could have been caused by polarization. Rheobase 
and chronaxie usually vary together and usually the chronaxie variation 
in bilaterally paired muscles follows approximately synchronous cycles. 
The extent of the variation within the cycle is always much less for the 
muscles on one side of the body than for those on the other. Some chro- 
naxie curves which appear rough and uncyclic upon first observation 
smooth out into definite cycles when the quantity curve (CV) is plotted 
instead of the chronaxie curve, the latter being affected reciprocally by 
variations in the rheobase. The curves of chronaxie variation were not 
considered cyclic when the rheobase values varied inversely with the chro- 
naxie values. 


SUMMARY 


The constant process method and its statistical procedures were shown 
to be applicable to the determination of the time threshold of excitability. 
A study of the variability of chronaxie values showed them to be cyclic 
in course. Since peripheral chronaxies have been shown to be very 
closely related to the activity of the entire nervous system (chronaxie of 
subordination) the cycles observed may be of basic physiological and 
psychological significance. 
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In a preliminary report (Boyd, 1931) some of the work dealt with in this 
paper has already been summarized. In the curarized cat one hypoglossal 
nerve was tetanized for 15 minutes, the other meanwhile being left at rest. 
At the end of this period the curare block was gradually removed by a 
slow intravenous injection of physostigmine. The rate of recovery on the 
two sides was compared by alternate stimulation of the nerves with single 
shocks. Conduction from nerve to muscle was always restored first on 
the side of the tetanized nerve. 

The procedure followed in these early experiments will first be given in 
more detail. The cat was anesthetized with sodium barbital (0.35 gram 
per kilo) or with nembutal (40 to 50 mgm. per kilo) given intraperitoneally. 
Shielded platinum electrodes, connected to a Harvard inductorium, were 
applied to each hypoglossal nerve, just peripheral to the point at which it 
crosses the carotid artery. The secondary coils were so adjusted that the 
break shocks were just above the strength required to cause a maximal 
contraction of the tongue muscle. With 3 volts in the primary circuit, the 
secondary coil was usually set at 11 cm. and at an angle of 50 to 70 
degrees from the horizontal. Once adjusted, it was left in the same posi- 
tion throughout the subsequent procedure. 

The cat was then curarized, by intravenous injection at intervals of 
small amounts of a 1 per cent solution of crude curare. This came from 
three different samples, of varying potency (Merck, and Burroughs, Well- 
come & Co.) For complete loss of indirect excitability of the tongue mus- 
cles, the amount required varied from 2.5 to 7.0 cc., and an excess of 0.5 
to 1.5 ec. was given. The nerves were tested alternately from time to 
time with single shocks, and contractions usually ceased almost simulta- 
neously on the two sides. The jaws were kept open so that the tongue 
could be observed directly. As a rule the contractions were also recorded, 
by means of a single muscle lever, but this was not sufficiently sensitive 
to respond to the smallest visible twitch. Sometimes a feeble contraction 
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would persist longer on one side than on the other, and more curare was 
required for a complete bilateral block. Artificial respiration was started 
when the onset of paralysis rendered it necessary, and was maintained at a 
uniform rate thereafter. 

When the block was complete on both sides, one nerve was tetanized, 
100 interruptions per second, for several minutes. Ordinarily we selected 
the right nerve for tetanizing in one experiment and in the next the left, 
regardless of any difference in initial susceptibility to curare. 

For the sake of brevity, we shall refer to the tetanized nerve and its 
muscle as nerve and muscle A, and to the opposite resting nerve and its 
muscle as B. As soon as the tetanizing was stopped, both nerves were 
tested immediately, each with a single break shock. The slow injection 
of physostigmine was then started, from a burette attached to the can- 
nulated femoral vein. The solution used contained 1 mgm. of physostig- 
mine sulphate and 0.5 mgm. of atropine sulphate in 2.5 ec. of 0.9 per cent 
NaCl. The rate of injection was varied in different experiments, but 
averaged about 0.5 ce. per minute. In the individual experiment the 
rate was not entirely constant, because of the falling level in the burette. 
During the injection the nerves were tested alternately, at intervals of 10 
to 20 seconds. 

The above procedure has been followed in 18 experiments. The dura- 
tion of the tetanizing stimulus was varied from 5 to 15 minutes. The 
results were all alike. The time required for recovery, on both sides, 
raries according to the depth of curarization, and (especially for B) ac- 
cording to the rate at which physostigmine is injected; but it is always 
much shorter for A than for B. A typical graphic record is shown in 
figure 1. We can make no statements regarding the comparative effects 
of tetanizing with frequencies other than 100 per second. At this fre- 
quency, however, stimulation for 5 minutes seems to be at least as effective 
as for the lorger periods. In 8 instances muscle A responded to the first 
test stimulus applied to its nerve, immediately after tetanizing ceased. 
This was before any physostigmine had entered the vein. 

It may appear singular that muscle A, inactive during tetanization of 
its nerve, should contract in response to a single shock of the same intensity 
applied immediately afterward. This is apparently a typical Wedensky 
“inhibition.” It differs from the classical demonstration in that there is 
no initial contraction at the beginning of the series of tetanizing stimuli, 
the preparation being at that time incapable of responding either to single 
shocks or to a succession of them. 

Temporary removal of the curare block can be accomplished by much 
shorter periods of tetanizing, and the use of physostigmine is not necessary. 
The cat is curarized very gradually, until a single shock applied to either 
hypoglossal nerve causes no visible contraction of the tongue muscle. One 
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nerve is then tetanized for 5 to 30 seconds. Depending on the degree of 
curarization, this may elicit a, no visible effect; b, an initial twitch only; or 
c, a weak tetanus, highest at first and rapidly sinking. (Such a response to 
a series of properly timed indirect stimuli, each maximal for the nerve, at a 
stage when one fails to cause a muscular contraction, is the well-known 
“addition latente’’ of Bremer.) But if, following the tetanization, single 
break shocks are applied at intervals of 5 seconds or so, contractions usually 
appear. With some irregularities, these tend to become stronger for a 
time and then to fade out in a descending staircase, the complete curare 
block being finally reéstablished. Two typical records are shown in 
figure 2. We have also carried out this type of experiment, with similar 
results, on the sciatic nerve during occlusion of the abdominal aorta. 


Fig. 1. Curarized cat. Above, contractions of tongue. Upper signal, stimulation 
of right, and lower signal, stimulation of left hypoglossal. At A, the end of a 6- 
minute period of tetanizing the left nerve. At arrow, beginning injection of physos- 
tigmine. Note response to the first single shock applied to the left nerve, and first 
response to right 8 minutes later. Interval between stimuli (for each nerve) 30 
seconds. There is a gap of 4 minutes between the sections of the figure. 


This effect has doubtless been observed before. Much attention has 
been given to other phenomena seen in the intermediate degrees of curari- 
zation, particularly summation effects and the several stages of the Wed- 
ensky inhibition. But I have found no mention of this temporary restora- 
tion of excitability of the muscle toward single indirect stimuli. With 
resting intervals of 15 to 20 minutes, it can be demonstrated repeatedly on 
the same nerve-muscle, at least under the conditions described. 


It is evident that tetanization of the hypoglossal nerve accelerates in 
some way removal of the curare block. The effect could be explained by 
assuming that the impulse conducted over a previously active nerve differs 
in some way from an impulse conducted over a nerve previously at rest, 
and that the former is better able to pass through the resistance set up 
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by curare. The available evidence seems to conform best to this explana- 
tion, though there are obviously others to be considered. 

The first is that stimulation of the nerve may lead to local vascular 
changes, favoring either the elimination of curare from the muscle or the 
access of physostigmine to it. This hypothesis appears untenable, for 
the following reasons: 

a. As explained above, physostigmine is not necessary for the recovery 
of the preparation. 

b. The arterial supply may be interrupted in short experiments, as 
mentioned, without affecting the result. 

c. In four curarized cats, with the blood rendered incoagulable by hep- 
arin, we have recorded, by the drop method, the outflow of blood from 
the lingual vein. Tetanizing the hypoglossal, with stimuli of the same 


Fig. 2. Curarized cats. Order of record as in figure 1, with addition of time trac- 
ing (10 second intervals) below. Showing in each record a, initial absence of response 
to single break shocks; b, a period of tetanizing, likewise without visible effect; and 
c, the temporary return of indirect excitability, with final relapse into complete 
block. In the animal used for II, the left superior cervical ganglion had been ex- 
cised 18 days previously. 


range of intensity used in the experiments described above, caused no 
change in the total volume flow through the tongue. 

d. We have excluded, by control experiments described below, the 
sympathetic fibers, which constitute the only known vasomotor pathway 
in the hypoglossal. Van der Sprenkel (1924; also Langworthy, 1924) sug- 
gests that the fibers from Roller’s nucleus are vasodilators, but I have not 
found in the literature any experimental support for this view. The con- 
trol experiments mentioned in c seem to prove the absence of any signifi- 
cant vasodilatation here. Reflex effects have been excluded by sectioning 
or tightly ligating the nerves (6 animals) central to the electrodes. 

e. In a lightly curarized animal, stimulation of the nerve might cause 
contractions too minute (especially if the muscle fibers involved lay deep 
within the substance of the tongue) to be visible. Such contractions might 
influence the circulation locally, either mechanically or through metabo- 
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lites. This effect could not be great, however. And the order of recovery 
was always the same regardless of the depth of curarization. 

2. A second hypothesis involves the sympathetics, though not as vaso- 
motor nerves. Orbeli and Ginetzinsky (cited by Lapicque, 1930) report 
that stimulation of the abdominal sympathetic trunk, in curarized frogs, 
may temporarily restore indirect excitability to the muscles of the hind 
limb. The experiments have been repeated and confirmed by L. and 
M. Lapieque (1930), who find that sympathetic stimulation leads to a 
shortening of the chronaxie of skeletal muscle. In this connection may 
be recalled also the studies of Gruber (1914) and others on antagonism 
between curare and adrenalin, and the recent demonstration by Cannon 
and Bacq (1931) of an adrenalin-like substance liberated at the endings 
of stimulated sympathetic nerves. 

The effect of hypoglossal stimulation in our experiments is strikingly 
like that of the sympathetic as found by Orbeli. We are convinced, how- 
ever, that the sympathetic fibers contained in the hypoglossal have nothing 
to do with our results. 

First, the absence of an effect on blood flow supports the belief that the 
stimuli used were too weak to excite the sympathetic fibers. Lapicque 
states that it was necessary to employ, on the frog’s sympathetic, stimuli 
much above the strength found maximal for the somatie motor fibers of the 
sciatic. 

Second, we have in four experiments left both hypoglossals at rest and 
tetanized the cervical sympathetic trunk on one side with strong shocks 
(sufficient to cause dilatation of the pupil and retraction of the nictitating 
membrane). Subsequently the hypoglossals were tested with single 
stimuli as usual during the injection of physostigmine. In all these in- 
stances recovery took place first on the side opposite to the tetanized 
sympathetic. In no case, however, was the difference in recovery rate 
so marked as it is following tetanization of one hypoglossal. In compar- 
ing these findings with those of Orbeli, it must be remembered that his 
experiments were made on the frog and that vascular influences were 
definitely excluded. Stimulation of the cat’s cervical sympathetic un- 
doubtedly caused vasoconstriction in the tongue. 

Third, we have in three cats removed both superior cervical ganglia 
(in separate operations) and carried out the usual experimental procedure 


on the hypoglossals after time had been allowed for the postganglionic 
fibers of the sympathetic to degenerate. The results were similar to those 
obtained with normal cats. 

The recovery of conduction between the tetanized nerve and its muscle 
evidently does not depend on any influence of the sympathetic, nor upon 
vascular factors. It seems probable that the conduction mechanism is 
affected in a more direct way. 
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Bremer (1929; also Bremer and Homés, 1931) finds that in a certain 
stage of curarization two nerve impulses, if properly timed, may cause a 
muscle contraction where one fails to do so. This he compares to a sum- 
mation of direct stimuli. The effective period is limited to a small fraction 
of asecond. There is no evidence that the phenomenon is modified by the 
previous rest or activity of the nerve, except as it involves the refractory 
period left by the first of the two impulses. The effect with which we are 
dealing here is not so brief, but may last at least for several minutes. It 
may, however, be fundamentally related to the “addition latente.”’ 

According to Lapicque’s theory of isochronism, there are four ways in 
which a block of the curare type can be accomplished. Agents are known 
which fit three of these possibilities. The fourth is still only theoretical, 
as there is no agent known which will lengthen the chronaxie of nerve 
without similarly affecting that of muscle (Lapieque, 1926, p. 276). 
This work was originally planned with the idea in mind that fatigue might 
lengthen the chronaxie of nerve, as it does that of muscle, and therefore 
that tetanization of the nerve, in a curarized preparation, might aid in 
restoring conduction between them. Previous activity in nerve does 
prolong the action potential (Amberson, 1931) in a way which might 
conceivably render it more effective for exciting a curarized muscle. But 
it has been reported in another paper (Boyd and Gerard, 1930) that teta- 
nization of frog nerve leads only to an elevation of the rheobase, with 
little or no change in chronaxie. And the recent work of Rushton (1931) 
throws doubt on the isochronism theory. 

If the restored conduction depends on “fatigue’’ changes in the nerve, 
we might expect the preparation to lapse into a state of block again if it is 
simply allowed to rest. Providing physostigmine has not been admin- 
istered, it actually does so, as illustrated in figure 2. Moreover, the 
duration of the temporary recovery varies in general according to the 
duration of the preceding tetanization (for periods up to one minute, at 
least). It seems difficult to explain this behavior on any basis other than 
that suggested. The fatigue changes in metabolism and heat production 
appear to have somewhat similar time relations (Gerard, 1927). 

If this type of facilitation is a property of curarized preparations in 
general, it would seem strange that such an effect could have escaped no- 
tice in all the work which has been done with frogs. We originally chose 
to work with cats, because we had no idea that tetanization of the nerve 
would alone remove the curare block. We expected to require the aid of 
some antagonistic drug, and knew of none which will remove curare para- 
lysis in the frog as rapidly and completely as physostigmine does in the 
cat. In a few experiments with frogs we have found no recovery of con- 
duction after tetanizing the motor nerves. This negative finding may 
depend on the frequency and duration of the stimuli employed, or on a 
fundamental difference of behavior between frog and mammalian tissues. 
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SUMMARY 


1. Tetanization of the hypoglossal nerve in curarized cats, for periods 
of 5 to 15 minutes, facilitates restoration of conduction between the nerve 
and the tongue muscle. This was demonstrated by comparison with the 
opposite resting nerve during slow intravenous injection of physostigmine 

2. In lightly curarized preparations simple tetanization of the nerve 
may restore indirect excitation of the muscle, without the use of physostig- 
mine. 

3. This effect is not due to vascular changes in the tongue, nor to any 
influence of sympathetic fibers in the hypoglossal nerve. 

4. The suggestion is offered that previous activity in a nerve may so 
modify the propagated disturbance as to make it more effective in passing 
a curare block. 


I wish to thank Dr. R. W. Gerard, of the University of Chicago, for 
valuable suggestions and criticisms; also Mr. R. D. Templeton, Mr. C. L. 
Coyle, and Mr. G. A. Hemwall for aid in some of the experimental work. 


BIBLIOGRAPHY 


AMBERSON, W.R., A. PaRPART AND G. SANDERS. 1931. This Journal, xevii, 154. 

Boyp, T. E. 1931. This Journal, xevii, 507. 

Boyp, T. E. anp R. W. Gerarp. 1930. This Journal, xcii, 656. 

BReEMER, F. 1929. Compt. rend. soc. biol., cii, 332. 

BreMER, F. anp G. Homés. 1931. Memoires publiés par 1’Academie royale de 
Belgique, xi, fasc. 8. 

Cannon, W. B. ann Z. M. Bacg. 1931. This Journal, xevi, 392. 

Gerarp, R.W. 1927. Journ. Physiol., lxiii, 280. 

Gruser,C.M. 1914. This Journal, xxxiv, 89. 

Lanewortny, O. R. Journ. Comp. Neurol., xxxvi, 273. 

Lapicqug, L. 1926. L’excitabilité en fonction du temps. Paris. 

L. anD M. Lapicquge. 1930. Compt. rend. soc. biol., ciii, 393. 

Rusuton, W.A.H. 1931. Journ. Physiol., lxxii, 265. 

VAN DER SPRENKEL, H. B. 1924. Journ. Comp. Neurol., xxxvi, 219. 


AUTONOMIC DISCHARGES ELICITED BY PHYSIOLOGICAL 
STIMULI IN MID-BRAIN PREPARATIONS 


ALLEN D. KELLER 
From the Laboratory of Physiology, Yale University School of Medicine, New Haven 


Received for publication December 10, 1931 


Karplus and Kriedl (1), Beattie (2), Hasama (3) and others have 
demonstrated by localized faradization the presence of nerve cells in the 
region of the hypothalamus having synaptic connections with the auto- 
nomic outflow. Beattie (2) recently, by degeneration studies, described 
fibres passing from the caudal hypothalamus to the thoracic cord. What 
functional réle is played by these cells in the intact animal? The work of 
Isenschmid and Schnitzler (4) indicates clearly that integrated heat regula- 
tion is maintained in the rabbit with only the hypothalamus, mid-brain, 
pons, medulla and cord remaining intact (hypothalamic animal). The 
fact that removal of the hypothalamus (mid-brain preparation) eliminated 
heat regulation in their animals strongly suggests that integrated heat 
regulation is dependent on the hypothalamus. Bard (5) showed later 
that normal sympathetic tone of the eye structures, and the mechanism of 
exhibiting signs of intense rage are still intact in the hypothalamic cat 
(acute). He concluded that these functions are largely dependent on the 
hypothalamus, pointing out and stressing, however, the fact that sympa- 
thetic discharges are still obtainable in mid-brain preparations (quoted 
Cannon and Rapport, and Bazett and Penfield). 

It at once becomes apparent that in order to understand more fully the 
function of the hypothalamus in its relation to the autonomic outflow, it is 
necessary to gain a clearer insight into the character of the autonomic 
mechanisms remaining intact in the mid-brain preparation. In order to 
simulate the intact animal as nearly as possible, chronic preparations have 
been resorted to and the responses (efferent discharges) studied are those 
that can be elicited by physiological stimuli (activity of animal, pulling 
and rubbing the skin, change in environmental temperature, etc.) rather 
than by faradization of an exposed nerve trunk. 

ProcepureE. Method of decerebration. The superior colliculi were 
exposed dorsally under full aseptic precautions by retracting one or both 
of the occipital poles lateralad and cephalad. The lesion was made by 
means of a blunt instrument passed ventrally into the brain-stem at what 
was judged to be the desired level, care being taken that the instrument 
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passed under the vein of Galen. In all cases the tissue cephalad to the 
section was allowed to remain in place with intact blood supply (figs. 1 and 2 
It was seldom that any appreciable bleeding resulted from the placing of 
the lesion even though the carotid arteries were never tied, nor were the 
vertebrals ever pressed. The main source of bleeding was met in going 
through the skull and in retracting the occipital poles from the collicular 
bodies. Bleeding was never severe and was readily controlled with wax 
and dry cotton pledgets. The first animals were prepared under amytal 
anesthesia, the rest being prepared under nembutal. Postoperative 
recovery is much more rapid and satisfactory with nembutal (40 mgm 
per kilo.). 

Postoperative care. The preparations were routinely given 50 cc. of 
saline subcutaneously directly following the operation and then placed in 


Fig. 1 Fig. 2 Fig. 3 


an incubator. The following day, as well as on subsequent days, they 
were fed an egg and milk mixture by stomach tube. 

It was found better to maintain the animal’s temperature slightly below 
(at approximately 37°C.), rather than above normal. The margin of 
safety in over-heating is much less than in over-cooling. Death occurs 
readily as a result of over-heating. The rectal temperature mounts 


rapidly over a relatively short period of time with only a slight rise in 
environmental temperature. Preparations, on the other hand, have been 


maintained at from 32°C. to 37°C. for hours without any apparent injury; 
furthermore, the rectal temperature can be lowered for short intervals in 
the ice-box to 28 and 27°C. without any immediate danger. 

The success of maintaining the animals in our experience was limited 
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by two factors: first, the amount of trauma produced (ultimate necrosis) 
in placing the lesion, and second, the onset of respiratory tract infection. 

The animals that deteriorated as a result of excessive trauma from the 
lesion showed progressive increased respiration and atonie anal sphincters 
12 to 24 hours before death. The symptoms of deterioration made their 
appearance in from 2 to 5 days after operation. The nearer the lesion was 
to the tuber cinereum, the more trauma the same instrument produced, the 
reason probably being due to the mechanics of the blood supply in 


this region. 
Respiratory tract infection occurred as a rule any time during the first 
3 to 4 days after operation. It has recently been successfully combated 


by using a large, unrounded stomach tube too large to enter the trachea, 
and by routine periodic stretching and massaging every 4 to6 hours. This 
periodic treatment serves also to keep the intestinal movements active. 
A constipated preparation is sluggish and the responses obtained are 
greatly lessened and may even be entirely negative. 

As soon as there were any suspicions of deterioration the animals were 
checked closely and terminated. The brain was removed, hardened in 10 
per cent formalin, and blocked. Serial sections were made of the block 
of tissue caudal to the transection and stained with iron hematoxylin 
for the purpose of determining the level of the transection. 

Excluding several preliminary experiments, twelve preparations have 
been studied, two of which survived 18 and 20 days respectively. Both 
of these animals were killed by accidental over-heating. The transections 
ranged in the different preparations from at just the cephalic level of the 
mid-brain to the caudal level of the mid-brain. In some cases medial 
necrosis extended well back in the cephalic pons. 

OBSERVATIONS. Sympathetic tone of the eye structures. A comprehen- 
sive, historical review of the literature bearing on the functions of the 
cervical sympathetic has recently been given by Fulton (6). The normal 
tonic activity of the cervic sympathetic trunk is evident from the fact that 
when the nerve is cut on one side the following marked changes occur on 
that side (““Horner’s syndrome’’): 1, constriction of the pupils; 2, decrease 
of intraocular pressure; 3, sinking in of the eyeball (enophthalmus); 4, 
drooping of the eyelid; 5, narrowing of the fissure between lids; 6, covering 
of the eyeball by the nictitating membrane, and 7, dilatation of the blood 
vessels of the eye and face. 

If the tonie action originates from a hypothalamic level, it was believed 
that a hemisection through the brain-stem anywhere caudal to the hypo- 
thalamus might result in a unilateral atonia. A hemisection at the cephalic 
level of the pons leaving the efferent constrictor fibres to the pupils intact 
as well as leaving the eye sensitized, did not produce a Horner’s syndrome, 
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except that the pupils were unequal. The one on the side of the hemisec- 
tion was smaller than the opposite one in an ordinarily lighted room, while 
in a dark room, the pupil on the side of the section became the larger. 
Both pupils, however, dilate maximally and equally when the eyes are 
atropinized; whereas, in an intact animal with one cervical sympathetic 
cut, dilatation of the enervated pupil after atropinization is much less than 
in the opposite eye. 

The fact that Horner’s syndrome is not produced by such a section does 
not indicate that sympathetic tone is independent of the hypothalamus, 
since half the brain-stem remains intact. Karplus and Kried] (1) noted 
bilateral pupillary dilatation from unilateral stimulation of the hypo- 
thalamus. Hasama (3) recently stated that bilateral sweating is obtained 
from unilateral stimulation of the hypothalamus. Further, an animal 
maintains tonic bilateral integrated heat regulation with the brain-stem 
hemisected at any level through the upper medulla, pons and mid-brain 
(7), and even when the hypothalamus is completely removed on one side 
(8). These facts indicate that each unilateral hypothalamus has bilateral 
connections with the autonomic outflow from the spinal cord. 

It then became of interest to see if normal sympathetic tone of the eyes 
remained intact when the hypothalamus was eliminated by a complete 
transection of the brain-stem. Advantage was taken of cutting the 
cervical sympathetic nerve on one side, thus allowing for a completely 
atonic control with which to compare the innervated eye. 

The procedure of observing the animals carefully 24 to 72 hours following 
decerebration was found necessary because frequently unilateral edema, 
traumatic corneal irritation and other resultant operative factors produced 
an asymmetry in the eyes which simulated rather closely the picture of 
unilateral nerve section. After the decerebration was found to be satis- 
factory the cervical sympathetic nerve was cut on one side under local 
anesthesia. 

Low transections. An animal with the section at the middle level of the 
mid-brain shows no spontaneous activity and when at rest the nictitating 
membranes are over the eyes, the lids are closed or nearly so, and insofar 
as can be judged, the balls are sunken and soft. Usually the section 
destroys the constrictor nuclei of the pupils. In this case, the pupils remain 
from 8 to 10 mm. in diameter. When the section passes caudal to the 
constrictor nuclei the pupils remain slits. 

Manipulation of such an animal elicits tonic sympathetic activity judged 
by the opening of the lids, dilatation of the pupil, withdrawal of the nie- 
titating membrane, the intraocular tension becomes greater and the balls 
protrude more in the innervated eye, while these structures in the enervated 
eye remain stationary. 
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Active response in the innervated eye as against no response in the 
enervated eye demonstrates conclusively the passing of efferent discharges 
from the cord to the eye by way of the cervical sympathetic. 

The amount of manipulation necessary to elicit discharges to the eyes 
varies somewhat with different preparations, and further with the same 
preparation over successive days. Cat 225 is typical for a low transection. 
When completely at rest both eyes were atonic as in normal sleep; merely 
placing the hand on the head to examine intraocular tension resulted in 
active raising of the head with a simultaneous appearance of some tone in 
the intact eye. Picking up the animal in the hands at once resulted in 
complete sympathetic tone; this was frequently associated with mild 
sissing or snarling. 

These preparations executed definite clear-cut standing, stepping and 
righting reactions, even though the rubro-spinal systems were completely 
degenerated, which will be discussed in detail in another report. Typical 
extensor rigidity was never observed. 

The following note from the protocol of cat 225 illustrates the reaction 
of the animal: 


7th day postoperative. At rest, without handling, there was a definite slight differ- 
ence in the lids and nictitating membranes, the left lids being narrower and the left 
nictitating membrane being higher over the eyeball. Both pupils were 10 mm., 
and the left ear vessels were moderately dilated, the right ones being streaks +. 
The cat began coughing spontaneously. This was associated with a complete active 
standing of the animal (it was already righted with the abdomen against the floor) ; 
right lids opened ?, the nictitating membrane withdrew nearly out of sight, while the 
left lids and nictitating membrane remained stationary. Then, following rage, the 
right lids opened completely and the nictitating membrane was completely with- 
drawn, while the left lid remained narrower and the nictitating membrane remained 
over the eye. 

20th day. Cat was accidently killed by overheating. 

Autopsy. The head was well healed. The brain was in excellent condition, there 
being no softening in the occipital poles. The fresh brain showed no evidence of a 
lesion except ventrally the level of the section could be made out by careful inspec- 
tion. The pia with its enmeshed vessels was intact. 

Microscopic findings. Necrosis extended caudally along the midline on the left, 
involving the exiting root of the oculomotor nerve. The cephalic portion of the 
oculomotor on the right was encroached upon. At the maximum width of the lesion 
there remained intact on both sides the extreme caudal tip of the medial geniculate 
body and a small lateral portion of the cerebrospinal tracts. This is readily seen 
from figure 3. 


High transection. The animals with transection through the extreme 
caudal end of the hypothalamus (caudal tip of mammillary bodies), which 
eliminates the hypothalamus entirely and leaves practically the whole of 
the mid-brain intact, at times exhibits a characteristic latency before 
sympathetic tone appears in the eye. At rest, the animals show complete 
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atonia of the eyes with the pupils as slits. Unlike the cats with lower 
sections, these animals, even when in good physiological condition, could 
be picked up and carried without waking, e.g., without the appearance of 
tone in the innervated eye. However, when stimulated sufficiently to 
elicit activity, both pupils dilated readily, the innervated one always being 
the larger of the two, the lids opened, the innervated nictitating membrane 
withdrew readily and completely. It seemed as though these cats had 
some sort of an inhibitory mechanism that protected the animal from 
being aroused by manipulation. However at times they erhibited the same 
readiness of response as did the cats with sections further caudad. 

Spontaneous tone, insofar as it occurred without peripheral stimulation, 
appeared as a result of the spontaneous activity of the animal. This 
activity was characterized by successful movements of progression with 
the body near the floor and the shoulder blades projecting slightly above 
the dorsum of the back. Movements of progression also in some cases 
followed rage-eliciting stimulation. 

The following note is from the protocol of cat 226: 


2nd day. 8:30a.m. When at rest the pupils were approximate slits; lids } — }4 
open; nictitating membranes 3 over the eyes. After being aroused the left pupil was 
6mm., right 7 mm.; lids }+ open; nictitating membranes } over the eyes. 

12:25 p.m. Pupils dilated when thermometer was inserted into the rectum. 

2:00 p.m. Cat was placed on floor after which it made an active attempt to walk, 
taking a few steps with the abdomen near the floor. It soon rested and exhibited all 
the typical signs of sleep; the pupils were slits, and one could pick up its head and move 
it about without arousing the animal or causing the pupils to change. 

6:30 p.m. Cat still sleeping (pupils slits) and remained so when handled, until 
a growl was elicited, at which time the pupils dilated. 

6th day. 11:00a.m. (Just previous to the cutting of the cervical sympathetic 
nerve on the right.) The cat walked about on floor readily. As usual, it showed 
spontaneous activity in walking and walked upright in a normal position 

7th day. 9:00a.m. Left pupil 10 mm., right 9mm. Left nictitating membrane 
completely withdrawn, right } over the eye. Left lids }— open, right } open. The 
cat died in a convulsion during examination. At death the left pupil was 13 mm., 
right10mm. Left nictitating membrane completely withdrawn, right } over the eye. 

Aulopsy. Ventrally, the pia and the blood vessels were intact; however, it was 
readily seen that the whole of the hypothalamus was necrotic and that the section 
had passed just caudal to the mammillary bodies. 

Microscopic findings. The lower level of necrosis in the stem was back of the 
caudal level of the posterior commissure dorsally and at the cephalic level of the 
exiting oculomotor nerves ventrally. Intact tissue reached slightly further cephalad 
on the right than on the left side. 


Outward rage signs. Rage is readily elicited in animals with the section 
through the middle of the mid-brain, where constipation is ruled out. It 
is evidenced by sissing, growling, wagging of the tail, pawing movements, 
and erection of the hair and simulates typical rage (discharge of sympathetic 
as a whole) except the purposeful somatic element of ‘‘escape” and “‘de- 
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fense”’ is absent. Rage signs may appear simultaneously with the appear- 
ance of sympathetic tone in the eye as a result of a normally inadequate 

age stimulus or may not appear until more vigorous stimulation is given, 
such as the abrupt pulling of the skin over the dorsum of the back. 

With the section passing just at the cephalic level of the mid-brain, 
rage was, as a rule, more difficult to elicit than in a preparation with the 
section passing a millimeter or two further caudad. The animals with 
such sections correspond closely in their reactions with Bard’s animals 
97 and 50. 

The preparations with sections more caudad simulated the description 
given by Bard of his ammals where the sections were placed just caudal 
to the optic chiasm; the essential differing factor being that in our prepara- 
tions strictly spontaneous rage has never been observed, and when rage 
was elicited it persisted only as long as stimulation continued. The stimu- 
lation threshold varied to some extent in different preparations and in 
the same preparation at different times. Their great reactivity (low 
threshold) is demonstrated in cat 225 when growling was elicited as a result 
of its own sneezing. 

Starling states in his textbook that vocalization occurs in a mid-brain 
animal. He makes no mention of the nature of the response. Bazett and 
Penfield (9) report observing rage responses in their chronic mid-brain 
animals which were prepared by removing the tissue ahead of the section. 

The secretion of adrenalin. The fact that some chemical is liberated 
into the circulating blood at the time that outward rage signs appear (very 
likely adrenalin) is evident from the fact that when rage is elicited con- 
tinually over a period of 30 seconds to 2 minutes, the sympathetic effectors 
of the enervated eye respond maximally and equally to the innervated 
structures, and the ear vessels constrict in the enervated ear. The chemi- 
cal substance responsible simulates adrenalin further in that hyperglycemia, 
a rise in blood fat, a profuse secretion of saliva result and glycosuria 
follows. It should be pointed out that the adrenalin-like substance is 
not liberated in sufficient quantity to produce these results until a con- 
siderable latent period following the onset of sympathetic tone in the eye 
and following the first appearance of outward signs of rage. 

Cannon and Rapport (10) obtained a reflex secretion of adrenalin in 
acute preparations by stimulating the central stumps of cut-nerve trunks, 
with sections corresponding to ours dorsally. They made no mention of 
the level of their sections ventrally. Brooks (11) recently reported obtain- 
ing reflex hyperglycemia in acute medullary preparations. The following 
notes are from the protocols of cats 200, 221 and 225: 


Cat 200. 17th day. 10:10a.m. Blood sample taken. Sugar 111 mgm. per cent; 


fat 698 mgm. per cent. 
10:12a.m. Animal was irritated by massive pulling of skin along the back. Ani- 
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mal responded very vigorously by growling, sissing, spitting, and erection 
over the back and tail. 

10:13 a.m. Left pupil 11 mm.; right 10 mm. 

10:18 a.m. Left pupil 12 mm.; right 11 mm. 

10:27 a.m. Left pupil 12 mm.; right pupil also 12 mm. Eliciting of rage w 
stopped at this time. 

12:29 p.m. Second blood sample was taken. Sugar 108 mgm. per cent; fa 
mgm. per cent. 

5:00 p.m. Urine contained 4.7 mgm. sugar per cc. urine. 

20th day. Autopsy. The cat was killed by overheating. There was no evidence 
of a lesion ventrally until, after hardening, the intact pia with its embedded vessels 
was removed. The brain-stem was completely transected except for a lateral strip 
consisting of the medial geniculate body on the right. 

Microscopic findings. Fibre tract and cell staining of serial sections through the 
block of tissue caudal to the transection exhibits necrotic tissue along the midline 
well back of the cephalic level of the pons. As the sections extend further cephalad 
the necrotic area widens out laterally to include the whole of the left cerebrospinal 
tract and the medial 3+ of the right cerebrospinal tract at the cephalic level of the 
pons. Sections from the upper medulla, lower medulla, lower cervical and middle 
thoracic cord stained by osmic acid revealed consistent bilateral degeneration of the 
cerebrospinal, rubrospinal and tectospinal systems. 

Cat 221. 8rd day. 8:00a.m. Abrupt pulling of the skin over the back and ribs 
(first attempt to elicit rage) caused the animal to growl angrily. When given milk 
by stomach tube the animal fought the tube with struggling movements with the 
claws and biting movements with the jaws. 

3:30 p.m. Left cervical sympathetic cut under aseptic conditions. The exposure 
of the nerve elicited struggling and marked growling. 

4th day. The animal growls and sisses readily when skin is pulled slightky over 
the dorsum of the back. 

5th day. 3:00 p.m. Blood sample taken from jugular vein. Sugar 241 mgm. per 
cent; fat 849 mgm. per cent. Urine sample collected at this time by pressing from 
the bladder, sugar 2.27 mgm. per cc. 

3:12 p.m. Eliciting rage was begun by pulling skin abruptly over the dorsum 
of the back. 

3:17 p.m. Left pupil 10mm.; right 8.5mm. 

3:26 p.m. Left pupil 11 mm.; right pupil 9.5 mm. 

3:32 p.m. Left pupil 10mm.; rightS mm. Left ear vessels moderately dilated, 
right ear vessels were streaks. Rage-eliciting was stopped and a blood sample taken 
from the jugular vein. Sugar 287 mgm. per cent; fat 1182 mgm. per cent 

Autopsy. The animal was accidentally drowned on the 6th day while being fed. 
Blood stains were still evident over the occipital poles, the bony tentorium and the 
superior colliculi. None of the ventral vessels were disturbed, nor was the pia 
torn. 

Microscopic findings. Iron hematoxylin staining of serial sections through the 
block of tissue caudal to the section revealed necrosis medially back of the cephalic 
level of the pons. At the upper limits of the pons the necrosis extended 2 mm 
laterally from the midline on each side. The necrosis quickly widened to involve 
the whole stem. A few lateral cells in the caudal tip of the red nucleus survived on 
one side. 

Cat 225. 7th day. Sissing and growling were more easily elicited this morning 
than previously, or than observed in any other preparation. Merely picking up the 
animal elicited marked rage signs and at one time the animal sissed of its own accord, 
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but it seemed to occur as a result of the stimulation induced by a sneeze. The cat 
cannot be manipulated in the least without rage resulting. 

17thday. 3:00p.m. Cat at complete rest: Both pupils 11mm. (both atropinized). 
Nictitating membranes over the eyes equally. Lids approximately equal. Left 
ear vessels slightly dilated, right ear vessels streaks. 

3:02 p.m. Mild stimulation: Left pupil 11 mm.; right pupil 12mm. Left nicti- 
tating membrane } over eye, right nictitating membrane was withdrawn. 

3:07 p.m. Marked stimulation: Both pupils 13 mm. Eyeballs seemed equally 
tense and showed normal pressure. Marginal ear vessels streaks in both ears. 
Saliva dripped from the mouth. 

3:12 p.m. Both pupils 13mm.+. Left ear vessels streaks +, right ear vessels 
streaks (adrenalin?). The stimulation was stopped at this time. 

3:15 p.m. Both pupils 12 mm. 

8:18 p.m. Both pupils 11 mm. Nictitating membranes j over eyes. Left ear 
vessels slightly dilated, right streaks. 

Microscopic findings. See previous description. 


Vasomotor tone as observed from the ear vessels. As has been mentioned 
previously, vasomotor tone is present in the ear vessels even when the 
animal is completely inactive; however, in a few instances, it was definitely 
noted that the ear vessels constricted slightly simultaneously with the 
appearance of sympathetic tone in the eye structures. This indicates 
clearly that vasomotor tone is independent of afferents aroused by the 
activity of the animal (probably maintained by afferents from the blood 
vessels themselves); yet, on the other hand, it is definitely influenced by 
such afferents (activity of animal). 

Our sections were several millimeters above the middle of the pons 
which is the cephalic level of the central vasotonic mechanism, as was first 
reported by Dittmar (12). 

Another interesting and clear difference between an intact animal and a 
mid-brain preparation was noted in their reactivity to environmental 
temperature. In a normal cat when its rectal temperature is raised by 
overheating in an incubator, the ear vessels dilate maximally and remain 
so dilated, when the animal is removed from the incubator, until the rectal 
temperature has returned to normal. In a mid-brain preparation over- 
heating dilates the ear vessels as in an intact animal; however, the ear 
vessels constrict rapidly on removal from the incubator, even into an 
ordinarily warm laboratory, whereas the rectal temperature remains 
elevated. This difference in reactivity can be especially demonstrated if 
the animals are removed directly from the incubator to a relatively cool 
room. The following notation from the protocol of cat 200 demonstrates 
the reaction: 


10th day. 9:47 a.m. Cat placed in hot-box at 49°C. 

11:50 a.m. Respiration 21. Temperature 42.8°C. Both ear vessels markedly 
dilated. The smaller right angle vessels showed up well in both ears. 

11:58 a.m. Respiration 40. Temperature 43.8°C. Ear vessels as previously 
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described. When the tongue was pulled forward by a pair of forceps, 
breathing occurred. I was unable to make a count. At this time t 
moved to the animal room with a temperature of approximately 25°C 

12 noon. Temperature 44°C. Ear vessels were streaks +. The 
observed to constrict down characteristically and rapidly. 


DISCUSSION AND CONCLUSION. The foregoing results demonstrate that 
efferent autonomic discharges, producing activity in the structures of the 
eye innervated by the sympathetic, can be elicited by physiological stimuli 
in animals with the brain-stem sectioned through the middle level of the 
mid-brain. The discharges are the same as those occurring in the intact 
animal insofar as can be judged by the effectors stimulated. We are deal- 
ing with discharges passing over the cervical sympathetic nerve, since 
cutting one of the nerves in the neck results in the typical Horner's 
asymmetry. 

It is to be noted that sympathetic tone in the eye structures was only 
present when the animals were aroused either by stimulation or spontane- 
ously. Spontaneous activity occurred only in animals with high sections. 
A further note of importance is the fact that in preparations in good physio- 
logical condition the stimulus necessary to induce tone was slight. Since 
sympathetic activity in the eye was readily induced as soon as the animal 
recovered from the anesthesia, it is not believed that the mechanism 
suffered from any appreciable depression as a result of the transection. 

The only clear-cut conclusion that can be drawn from these observations 


is that the sympathetic tone of the eyes induced by physiological stimuli is 
not dependent on the brain-stem ahead of the middle level of the mid-brain. 
This does not necessarily add to nor detract from the evidence upon which 
the conception is built that the autonomic cells in the hypothalamic region 
mediate an integrative action over the tonic sympathetic control of the 


eye structures. 

A iypical rage response can be obtained in a preparation with only the 
cord, medulla, pons and small caudo-lateral portions (essentially a pontile 
animal) of the mid-brain remaining intact. The end response differs from 
that obtained in a normal animal only in that the somatic effectors are 
not coérdinated into an “escape’’ or “defensive”? pattern. The animal 
responds by sissing, spitting, growling, tail-lashing, aimless pawing or 
clawing movements, and marked sympathetic activity as evidenced by the 
elevation of hair, dilatation of pupils, protrusion of eye-balls, and with an 
increased output of adrenalin. Not only has the response been induced 
by stimulation such as is ordinarily rage-producing, but also by slight dis- 
turbances such as gently picking up the preparation and even the animal’s 
own sneezing. The placing of the section seems not to depress the reac- 
tions. The absence of the “‘protective” or “defensive” pattern is probably 
best explained as due to the absence of central connections between local- 
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izing afferents with somatic outflows. For instance, such an animal lacks 
sight, hearing, smell, and the ability to localize disturbances in the 


periphery, 7.e., pertaining to the body surface (“‘local sign’’). 

Here again the only conclusion that can be drawn is that the discharging 
of a typical rage response is not dependent on the brain-stem cephalad to the 
middle level of the mid-brain. This fact, however, does not eliminate the 
possibility of an additional central mechanism located cephalad (hypo- 
thalamus) playing a réle in the discharging of efferent impulses during 
rage in an intact animal. 

The observations reported on the vasomotor responses resulting from a 
change in environmental temperature indicate that in the mid-brain 
preparation the afferents from receptors in the skin dominate any possible 
direct action of the temperature of the blood acting either on efferent cell 
bodies in the stem caudal to the section, or on internal peripheral receptors. 
This is evidenced by the ready constriction of the ear vessels when the 
skin is subjected to a cooler environment, even though the temperature of 
the blood (rectal) remains markedly above normal (as high as 44°C. in 


one instance). 
SUMMARY 


1. Chronie mid-brain and pontile preparations have been maintained 
for as long as 20 days. The cerebral hemispheres and brain-stem ahead 
of the section remained in their normal position with an intact blood supply. 

2. In these preparations normal sympathetic tone in the eyes and 
typical signs of rage were reedily induced by physiological stimuli. 

3. In the mid-brain animal the environmental temperature determines 
the state of constriction of the cutaneous vessels rather than the tempera- 


ture of the blood (rectal temperature). 
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Various respiratory procedures have been proposed for estimating the 
cardiac output. Of these the method of Marshall and Grollman (1) has 
perhaps received the most careful and critical substantiation. 

As far as it need concern the present discussion, the method in its more 
recent development (2) involves the breathing into the lungs of a mixture 
of acetylene and air enriched slightly with oxygen. The mixture is re- 
breathed in and out of a rubber bag for at least 15 seconds, and a sample 
taken (at expiration?). A second similar sample is taken about eight seconds 
later. From the acetylene, oxygen and CO, content of these two samples 
and the resting O. consumption, the resting cardiac output is calculated 
by a formula which presupposes among other things, that the re-breathing 
procedures are not extended beyond such a time as may permit re-circula- 
tion of acetylene-containing blood to the alveoli. 

In determining the cardiac output of man in the Louisville laboratories, 
by the injection method (3), one of us with Moore and Kinsman has come 
tentatively at least to the conclusion that the cardiac output is much more 
variable than it would seem according to Grollman’s figures. Once in a 
while our output figures are low, as are those of Grollman, but in such ex- 
periments the total circulation time is long—18 or 20 seconds. In a 
great majority of cases, however, the total circulation time is shorter 
(10.0, 10.5, 12.0, 12.0, 12.0, 13.0, 14.0, 14.0, 15.0, 15.0, 15.0, 16.0, 17.0, 
18.0, 18.0, 18.0, 18.0—av. 14.7 seconds) and the output greater than would 
be congruent with the results of Grollman. Total circulation times longer 
than the above list were usually associated with congestive heart disease, 
while total circulation times shorter than these were usually associated with 
severe anemia or hyperthyroidism (cf. Blumgart, 4). The fact that Groll- 
man used practised subjects who were probably not anxious about the 
procedures, and the further fact that emotional excitement probably 
increases the cardiac output (14) makes the results from the two labora- 
tories not quite as incongruent as they might appear at first glance. It 


may be that occasional subjects who are not worried will show a sufficiently 
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long circulation time to make possible the procedure of Marshall and 
Grollman. Such a situation is rendered improbable by the above list of 
circulation times, taken from patients who were not all of them unduly 
excited, and by the further fact that these figures are of the same order as 
(or somewhat less than) those of the arm to arm circulation time (Blum- 
gart, 4) (av. 18 seconds). This condition arises from the fact that the 
arm to heart time is of the same order (6.6 seconds) as, or somewhat 
greater than, the circulation time through the shorter systemic paths. 
The fact that these shorter systemic paths carry very appreciable quanti- 
ties of blood is evidenced by the measurements of Starr and Collins (5) 
who show that in 15 seconds 44 per cent of the cardiac output of the dog 
has passed through the systemic path and back to the heart. Comparison 
of the figures of Stewart (6) and Blumgart (4) who give 6.3 seconds and 
6.5 seconds respectively as the average time of the pulmonary circulation 
in dogs and in man, indicates that these figures can be transferred almost 
bodily from dog to man. 

Since the procedure of Marshall and Grollman involves vigorous 
breathing, and since this increases the circulation rate by 30 per cent (1) 
more or less, one would expect a similar decrease in the circulation time, 
and could not be justifiably surprised if, under the conditions of the experi- 
ment, blood began to return to the lur sonsiderably less than 15 
seconds. 

Now if the blood which returns to the lungs after the first circulation 
and before the first acetylene sample brings back acetylene, it will have the 
effect of decreasing the cardiac output figure by hindering the diffusion of 
acetylene into the lung blood as well perhaps as by raising the relative 
value of the second acetylene sample and lowering the acetylene difference 
figure. We came to the conclusion, on the basis of experiments which are 
to be detailed below, that the first blood to return brought acetylene back 
with it. Before we could properly evaluate the significance of these 
experiments we had them confirmed, in part, for man at the hands of 
Grollman himself. Baumann and Grollman (7) showed that when a 
sample of right ventricular blood was taken between 13 and 20 seconds 
after acetylene breathing had begun, it was found to contain ‘“‘five per 
cent acetylene.”” Data concerning the strength of the acetylene breathed, 
the type of breathing and the actual basis on which the five per cent figure 
rests, are unfortunately left for the reader to supply. From this single 
experiment it is implied that one should grant that merely insignificant 
amounts of acetylene, even under normal conditions, return to the lungs 
before 20 to 25 seconds. If the return of “‘five per cent” could be expected 
to work a change of five per cent or less upon the calculated output by 
merely interfering with the uptake of acetylene by the lung blood, the 
matter would be of little importance. One would merely say the results 
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might be five per cent or so too low and accept them as such. Unfor- 
tunately, however, the situation is more complex than this; the second 
sample might be affected more than the first, hence the difference between 
them would be reduced not merely by the general reduction of diffusion 
inwards but also by the specific effect of the returning acetylene upon the 
second sample. Since the difference figure is directly proportional —other 
things being equal—to the caleulated flow, and since the figure itself is 
of the order of two or three per cent acetylene, it is impossible to conclude 
that a return of five per cent acetylene would affect this difference figure 
to a negligible extent. 

Thus one is led to conclude that if the output is high and the total 
circulation time low, the method of Marshall and Grollman will! give results 
that are too low, though it may be adequate in case the output is low and 
the total circulation time high. 

EXPERIMENTAL. In order to throw additional light upon the time neces- 
sary for the diffusion of acetylene into the blood and again out into the 
lung air after it had been carried through the systemic circulation, it was 
decided to ventilate one lung with pure acetylene and the other lung with 
oxygen simultaneously, taking samples from the oxygen lung at various 
intervals and testing them for acetylene. 

Sodium amytal was use’ anesthetic, since the use of a non-volatile 
substance was imperative. tracheotomy was done and a glass tube 
inserted and fixed with ligatures. Artificial respiration was instituted 
when needed. The left bronchus was then exposed by resection of the 
fifth, sixth, seventh, and eighth ribs. A clamp was placed as near as 
possible to the origin of the left bronchus, closing off the left lung entirely 
from the right, and allowing the animal to be ventilated through the right 
lungonly. The left bronchus was then cut distally to the clamp and intu- 
bated, producing air-tight connections. The circulations to the right and 
left lungs were not disturbed, and all hemorrhage was controlled. In 
this way, the air passages to the two lungs were separated from each other 
entirely, but their circulations left intact. 

A bag filled with acetylene was then connected to the left bronchus. 
A bag of oxygen was connected to the tracheotomy tube by means of a 
thick walled rubber tube, into which 18 gauge needles, attached to evacu- 
ated gas samplers, were inserted. Simultaneously, every four seconds, 
both lungs were expanded by their separate gases, samples being taken at 
definite intervals from the tube leading to the right lung. The samples 
were taken at the end of expiration (complete collapse of lungs) and there- 
fore were alveolar samples. They were analyzed for carbon dioxide and 
acetylene by the method of Treadwell and Tauber (8), as advocated by 
Grollman. 

The data thus obtained from a series of four experiments were plotted 
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in figure 1, in which the ordinates represent the percentages of acetylene 
in the samples from the right (oxygenated) lung, and the abscissae the 
length of time for which the left lung had been ventilated with acetylene. 
Based upon preliminary experiments, the error of the analyses from all 
sources is probably not greater than +0.025 per cent of acetylene, and the 
odds that the results from eight seconds on are significantly greater than 
zero are in all cases better than ten thousand to one. By the time the 
samples were taken the dogs were moribund and one could hardly expect as 
much acetylene to come off as did. Fortunately shock does not markedly 

increase the circulation time (unpublished 
no ay data) though it diminishes the cardiac 
output and renders the animal unable to 
ai increase cardiac output under the severe 
anoxemia which probably obtained under 
the conditions of the experiment. 

From the chart it can be seen that 
after re-breathing for eight seconds, a 
definite amount of acetylene is detect- 
able in the oxygenated lung, indicating 
re-circulation of acetylene in this time. 
These results show a circulation time of 
the same order as the injection method 
under similar conditions (unpublished 

Duration 16 24 32-40 and definitely disprove the possi- 

Fig. 1. Return of acetylene to ble supposition that the first load of 
one lung after being carried by the acetylene is all deposited in the tissues. 
circulation from the other lung Since the stump of the left bronchus 
through the systemic pathways. 
didn. closed off completely by the clamp, 
lene; abscissae: time after the be- 20y acetylene found in alveolar samples 
ginning of acetylene ventilation. from the right lung must have reached 

the lung through the circulation. If 
acetylene returns to the lungs in dogs in as little time as eight seconds 
which is approximately the total circulation time in dogs in surgical shock, 
as determined by injection methods, it would similarly be reasonable to 
believe that acetylene, re-breathed by man, would return within 14 sec- 
onds or so which is the total circulation time in man determined by injec- 
tion methods. Hence, in many subjects, the acetylene method could not 
be used with any hope of accuracy, for the reasons discussed above. 

It is quite true that this objection to the method would not apply to 
determinations in those subjects whose total circulation time is greater 
than 23 seconds. However, the determination of cardiac output by the 
acetylene method, having previously determined the total circulation time 
by an injection method, in order to be sure that it is not less than 23 seconds, 
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is hardly practical. In the second place, physiological variations within 
the same individual might easily allow the subject, at one time, to have 

a circulation time of greater than 23 seconds, and a few minutes later, to 

have a figure less than 23 seconds. This applies particularly under the 

conditions of the acetylene experiment since the subject is required to 

re-breathe violently enough to secure mixture and as a result increase his 

blood flow as much as 30 per cent (1). This increased blood flow must 

decrease the circulation time. 

Another series of experiments bearing upon this question has been 
reported from the Hopkins laboratory (1,9). When the acetylene samples 
are taken after a short period of re-breathing, the cardiac output figure is 
from 20 to 50 per cent higher than if the subject re-breathes a few seconds 
longer (1, 9). This is attributed to incomplete mixing on the basis (9) 
that complete mixing occurs only after 15 seconds re-breathing (18 seconds 
recumbent) which seems to be well attested (10). That the slight imper- 
fections of mixing a few seconds earlier can produce the astonishingly large 
“errors” reported is rather a different question. In fact it would seem that 
imperfect mixing would act to reduce rather than to raise the putput for 
the following reasons. At the beginning and until mixing is complete 
there is more acetylene in the bag than the alveolar air. From the original 
description of the method (ef. (10) p. 111 and (1) p. 118) the samples 
would seem to be mostly alveolar air. If this is so, the second sample 
would be increased, relative to the first by any mixing which might occur 
after the first sample had been taken. This increase in the relative strength 
of the second sample would decrease the acetylene difference figure and 
hence the cardiae output. 

If the samples are taken during inspiration and are composed of ‘bag’’ 
air rather than alveolar, we have another interesting consideration in the 
fact that the absolute value of the difference between the first and second 
samples would, other things being equal, be greater, the more soluble the 
gas. The réle of imperfect mixing (taking as it does, under similar cir- 
cumstances, a given amount of gas from the bag during the interval bet ween 
the samples) would therefore be less important, i.e., would work a lesser 
change in the output figure. Now acetylene is more soluble in blood than 
either nitrous oxide or ethylene but there is nothing in the writings of 
Grollman to indicate that “imperfect mixture” does not play the same réle 
whichever gas is used. 

A further point that is brought out in one of Grollman’s more recent 
papers (11) is that there may be complete acetylene equilibrium between 
lung air and simultaneously (sie.) obtained arterial samples five seconds 
after the subject begins to breathe the gas. The statement that agreement 
obtained in acetylene tension between alveolar air and arterial blood 
samples, each taken five seconds after the inhalation of acetylene, would 
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imply the author’s belief that the equilibrium was reached earlier by two 
to four seconds (the lung to arm circulation time). The implications of 
such a belief are rather far reaching and should, of course, be substantiated 
by more critical evidence. They certainly lend at least dialectic support 
to the contention in the above paragraphs that short exposure periods 
need not, through inadequate mixture, lead to false high cardiae out- 
put figures. 

The contention that there is a “‘plateau”’ in the cardiac output figure, 
lasting between 15 and 25 seconds’ re-breathing time (1, 9) may or may 
not be confirmed in other laboratories. We did not think it worth while 
to repeat the experiments because in the light of our work such a plateau 
might be expected; a plateau whose significance can be interpreted in a 
wholly different fashion from the interpretation of the authors. 

There would seem to be no difficulties in the way of assuming that the 
output figures are constant when samples are taken during the period of 
first return, are higher during an earlier period and are lower during the 
period of second and third return. The constancy of the putput figures 
during the first return is no criterion of their accuracy since they are 
calculated with no regard for venous acetylene. 

The most important evidence in favor of the acetylene method is the 
reported agreement between the cardiac output as determined by the 
method in question and by the direct Fick procedure in man. A short 
series of experiments, when they bear internal evidence of variability, is 
not statistically adequate for conclusions on so important a matter. This 
is amply illustrated by experiments reported from the Louisville labora- 
tories, showing agreement between the Fick outputs and the injection- 
method outputs (12), in spite of the fact that later work (3) has brought 
to light a systematic error of ten to fifteen per cent in the earlier technique. 
The same can be said of the ethyl iodide method (13) where the Fick 
checks are very close, though the earlier technique is not acceptable in the 
minds of most observers. 

The agreement between the acetylene and Fick procedures reported 
by Grollman is no doubt in part due to the compensation of the error pro- 
duced by re-circulation of acetylene tending to reduce the output figure 
by a similarly produced but opposite error due to the re-circulation of 
oxygen. That the errors compensate fairly well, ‘fortuitously of course”’ 
(ef. (2) p. 442), in these experiments is no indication that they may be 
expected to do so at all times and under all conditions. 


SUMMARY 


An attempt is made to evaluate the acetylene method of determining 
the cardiac output. It is suggested that some of the assumptions upon 
which the procedure is based, are contradicted by evidence derived from 
the literature and from experiments reported herewith. 
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There is evidence indicating that the gall bladder of the rabbit may not 
contract and evacuate via the cystic duct. Halpert and Hanke (1929), by 
studying the concentration of methylene blue in hepatic and gall-bladder 
bile at certain periods after the administration of the dye, concluded that 
“in the rabbit bile does not under ordinary conditions leave the gall bladder 
through the cystic duct.”” Using the same method in the dog, Rewbridge, 
Hanke and Halpert (1930) concluded that exchange of gall-bladder con- 
tents occurs within about twenty-four hours. Lueth, Ivy and Kloster 
(1930) were unable to record gall-bladder contractions in the rabbit after 
injecting cholecystokinin by using the ordinary manometer or tamour 
methods. 

Since Drewyer and Ivy (1930) found an appreciable quantity of chole- 
eystokinin in the intestinal mucosa of the rabbit, it was considered worth 
while to use other methods for ascertaining whether the gall bladder of this 
animal may contract and evacuate via the cystic duct. We could not use 
the method of Graham and Cole (1925) because the gall bladder of the 
rabbit does not visualize well with sodium tetraiodophenolphthalein 
(Lueth and Ivy, 1929). 

METHODS AND RESULTS. In two rabbits, 20 mgm. methylene blue per 
kilo of body weight were injected intravenously fifteen hours previous to 
the experiment. Halpert and Hanke (1929) have shown that this dye 
is concentrated in the rabbit’s gall bladder and outlined a procedure for 
determining the concentration of the dye in bile, which was used in these 
experiments. In one experiment, the bile emitted was collected from 
washings of the duodenal loop into which the common duct drained. Ina 
second experiment the bile was collected from the common bile duct by an 
indwelling cannula. It was found that after the injection of cholecysto- 
kinin, the total amount of methylene blue collected was about four times 
that collected during the control period of similar duration. Twenty- 
three thousandths milligram was collected in the control period and 0.077 
mgm. in the period following injection of cholecystokinin. The gall blad- 
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der contained 0.006 mgm. methylene blue at the end of the experiment. In 
the second experiment, 0.27 mgm. of methylene blue was collected during 
a forty-five minute control period in a concentration of about 120,000 
After 2.0 mgm. cholecystokinin intravenously (1.0 mgm., dog dose), 1.08 
mgm. methylene blue in a concentration at first of 14500 and at the end 
of 1-11,700 was collected in forty-five minutes. Only a negligible trace 
remained in the gall bladder at the end of the experiment. In both experi- 
ments the bile collected was darker after cholecystokinin, the gall bladder 
became smaller and the blood vessels tortuous. Contraction rings were 
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Fig. 1. Photographs of the gall bladder of the rabbit showing contraction 
evacuation after cholecystokinin. A was taken two minutes after cholecystokinin, 
unfortunately the control picture was not clear. In this picture the contraction of 
the fundus is evident. B was taken after a second injection of cholecystokinin about 
ten minutes later. Note especially the contraction at the neck of the gall bladder 
and the tortuous blood vessel. C was taken at about twenty minutes. Note the 
contraction ring. D was taken at about forty minutes after a fourth dose of chole- 
cystokinin. 


visible on the gall bladder and at the end of these experiments the gall 
bladder was contracted to a cord-like structure. The contractions of the 
gall bladder were demonstrated to various members of our laboratory. 

In two other rabbits, photographs of the contracting gall bladder were 
made. Under ether narcosis, the rabbit’s gall bladder was exposed and 
photographs were taken before and at intervals following the intravenous 
injection of cholecystokinin. The gall bladder was seen to contract as a 
whole, and also to have band-like contractions about the mid-region and 
eystic-duct area which appeared to progress toward the eystie duet. In 
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other instances, the contractions might start at the cystie duct and pass 
in a reverse direction over the gall bladder, or they might start at both 
ends and meet at the center. The contractions were not regular in regard 
to site of origin or direction of travel. The gall bladder was about one- 
third to one-half the original size at the conclusion of these experiments 
(see fig. 1). 

In four other rabbits under ether anesthesia, the gall bladder was ex- 
posed, its bile aspirated and an equivalent amount of brominated oil was 
injected into the gall bladder, the site of needle puncture was tied off, the 
abdomen closed and the animals followed by fluoroscopy, x-ray photographs 
being made from time to time. In two rabbits, 40 per cent “brominol 
light’? emulsion in acacia (Abbott) was used. Evidence of a small de- 
crease in the size of the gall-bladder shadow was obtained in both cases 
after cholecystokinin. In two other rabbits “brominol light’’ (Abbott) 
was used as a contrast medium. After cholecystokinin, a change in con- 
tour of the gall bladder and a slight diminution in size was noted. After 
four days the brominol shadow was still visible and cholecystokinin gave 
a further slight reduction in the size of the shadow. We believe the 
viscosity of the brominated oil is too great for ready evacuation from the 
rabbit’s gall bladder. 


SUMMARY 


The gall bladder of the rabbit has been seen by direct vision to contract 
and evacuate via the cystic duct under the influence of cholecystokinin 
and photographs have been made. The gall bladder of the rabbit does not 
contract with sufficient force to evacuate the larger portion of a viscous 
brominated oil placed within its lumen artificially, which is known to be 
evacuated in the cat and dog. 


I desire to express to Dr. A. C. Ivy my appreciation for his many help- 


ful suggestions during the course of this problem. 
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The role of lecithin in body metabolism is still obscure. Bloor (1915 
has observed that the lecithin content of blood may increase 20-30 per 
cent during the absorption of fat, hence the possibility that lecithin is an 
intermediate in fat oxidation. If this is the case, lecithin, given orally or 
intravenously, should be oxidized at least as rapidly as neutral fat and 
should exert a comparable specific dynamic action. Experiments were 
therefore planned to test this possibility. 

ProcepurRE. Hourly determinations of metabolic rate were carried out 
on three different dogs whose basal metabolic rate was determined from 
time to time. The dogs used were trained for 4 to 6 weeks prior to the 
experiments and were maintained at a practically constant weight on a 
diet of 75 grams of beef heart, 75 grams of cracker meal, 12 grams of lard 
and 5 grams of bone ash. 

A closed circuit unit of the Benedict-Holmes (1912) type was used and all 
experiments were conducted in a room maintained at a constant tempera- 
ture of approximately 25°C. Alcohol checks were repeatedly made. Bod- 
ily movements and in some experiments respiratory movements of the 
animal were recorded by tambour systems on a smoked drum. 

After satisfactory basal controls had been established on preceding days 
or on the same day lecithin was administered either orally or intrave- 
nously. The lecithin, approximately 90 per cent pure, was made from beef 
spinal cord or from egg yolk. (Sixty to 90 grams of lecithin were usually 
given by mouth.) Three to four hundred cubic centimeters of a water 
emulsion, made with the aid of a mechanical stirrer and heated to 38°C., 
were given by stomach tube. Loose stools were generally observed on the 
day following, but vomiting, diarrhea and restlessness never occurred 
during the period that the animals were in the metabolism chamber. The 
metabolic rate in these animals was followed for 7 to 8 hours. 

For intravenous administration, emulsions of lecithin, purified accord- 
ing to the method of Bloor (1929) were prepared in 100 ec. of 0.65 per cent 
sodium chloride solution. This concentration of salt was used since it 
produced a more stable and finer emulsion than did physiological saline. 
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Microscopie examination showed the lecithin particles to be all less than 
7u and the majority 1 to 3u in diameter. The emulsion, kept in a water 
bath at approximately 50°C., was introduced through a needle into a 
saphenous or external jugular vein by gravity or under air pressure, the 
temperature of the entering solution 2 inches from the needle, ranging from 
37.5°-40°C., depending on the rate of flow. The usual rate of infusion was 
7 to 10 ce. per minute. Introduced in this way as much as 1 gram of leci- 
thin per kilo was tolerated by animals without any obvious effect. Such 
doses could be repeated every day without apparent harm. 


TABLE 1 
Oral administration of lecithin 


PER CENT 
NON- INCREASB 
CONDITION PROTEIN URINARY N CALORIES OVER 
CALORIES 
GIVEN 


mgm./hr. per hour 


-31 | Basal 0.83 104. 
-31 | Lecithin 70 gm. 0.83 142 11.58 


9-28-31 | Basal 0.80 
9-28-31 | 50 gm. lard 0.77 


5- 1-31 | Basal 0.83 
5- 1-31 | Lecithin 90 gm. 


9-25-31 | Basal ¢ 139 
9-25-31 | Olive oil 55 gm. : 136 5.45 


Alcohol checks 0.669 + 1.1. High —0.681. Low —0.657 


The experiments in which lecithin was given intravenously were con- 
trolled by observing the effects of introducing equivalent volumes of 0.65 
and 0.9 per cent saline solution on intervening days. 

Resutts. The data of table 1 illustrate the metabolic changes follow- 
ing oral administration of lecithin in comparison with those after feeding 
approximately iso-caloric quantities of neutral fat to the same animals. 
Comparison with basal determinations show that the non-protein R.Q. is 
unaffected by lecithin. The urinary nitrogen was substantially increased. 
In dog 4 which had received 70 grams of lecithin by mouth or approxi- 
mately 150 per cent of the 24 hour basal caloric requirement, the heat 
production was unaffected. Dog 5, after 90 grams, showed a rise in meta- 
bolic rate, averaging through the sixth hour 15.01 calories per hour or an 
increase of 7.4 percent. In this dog all doses (60-90 grams) exerted a small 
specific dynamic aciion, the average for all being 1.9 per cent of the calories 
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given. As shown in figure 1 the peak of the heat production is reached in 
the sixth hour. This specific dynamic effect is small as compared with 
the figure of Murlin and Lusk (1915) for neutral fat (4.1 per cent) or with 
values obtained on the same dogs in this investigation after feeding iso- 
caloric quantities of neutral fat (table 1 or fig. 1). Furthermore, the latter 
values were associated with a considerable depression of the respiratory 
quotient. 


-86 R.Q. 


+ Hours + 


Fig. 1. Dog 5. Hourly changes in heat production and non-protein R.Q. after 
feeding approximately iso-caloric amounts of neutral fat (heavy line) and lecithin 
(dotted line). 


These and other experiments indicate that lecithin per os has a much 
less dynamic effect than iso-caloric amounts of neutral fat and in some 
animals may exert no effect whatsoever. The first possibility that sug- 
gests itself for explaining the small or negative effect of lecithin is that it is 
not readily absorbed. To test this possibility intravenous introduction 
under controlled conditions was necessary. 
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Before discussing these results it is necessary to consider briefly the 
effects of saline infusions themselves. The results on two dogs are in- 
cluded in table 2. The b:sal determinations, 7 for each dog, show good 
agreement varying by +1.3 and +1.5 per cent respectively. The alco- 
hol checks average 0.665 with a mean variation of +1.1 per cent. The 
heat production followed for 5 hours after injection showed interesting 


TABLE 2 
Intravenous administration of lecithin 
NON- CALORIES PER HOUR PER CENT 
— Average High Low BASAL 
mgm./hr. 

Basals 0.85 89 13.95 14.23 | 13.63 
100 ce. 0.65% NaCl 0.92 105 14.87 15.59 | 14.30 

Lecithin 100 cc. emulsion 
3 gm. 0.94 { 120 13.96 | 13.96 
5 gm. 0.80 108 14.50 14.54 
9 gm. 0.81 112 15.01 15.23 
Average 0.85 113 14.49 | 15.23 


Basals 0.85 91 12.84 13.07 
100 ee. 0.65% NaCl 0.90 125 12.59 = 
Lecithin 100 ec. emulsion 
3 gm. | 0.97 130 13.19 
5 gm. 0.86 120 12.46 
9 gm. 0.89 124 12.34 
Average 0.91 125 12.67 
*Basal 0.84 110 12.49 
5 gm. lecithin | 0.86 | 120 12.46 
| *Basal | 0.86 | 95 12.5 
18 gm. lecithin 0.99 — 
Alcohol checks 0.665 0.679 | 0.651 


Murlin and Riche 


Basals 14.61 
Lard 3 gm. 15.33 +7.0 


* Basal and experiment immediately below performed on the same day. 


results. It varied in different dogs but was constant in the same animal. 
For instance, in two experiments on dog 6, injection of 100 cc. of 0.65 per 
cent salt solution did not modify the heat production but in four experi- 
ments on dog 5 the heat production was raised an average of 6.5 per cent. 
The increased heat production following intravenous infusion of saline was 
associated with the introduction of fluid; mere insertion of a needle and 
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conduction of the routine manipulations were found to have no such 
effect. The dogs displayed no nervousness or movements in the metabo- 
lism chamber which could account for the effect observed. The hypotonic- 
ity of the solution could also be ruled out since injection of 0.9 per cent 
saline gave similar results in the same dogs. Saline infusion also increased 
the nitrogen excretion by 22 per cent and elevated the R.Q. by an average 
of 0.06. 

While the explanation of these facts is not clear, the possibility that in- 
travenous injections of considerable quantities of saline may have a ealori- 
genic effect in some dogs deserves emphasis, because it is so generally 
disregarded in evaluating metabolic data from experiments in which 
substances are given intravenously. 

A survey of the literature shows that Wilhemj, Bollman and Mann 
(1931) reported an increase in heat production of approximately 30 per 
cent following intravenous use of hypertonic solutions of sodium chloride; 
however, 50 cc. of 0.9 per cent solution of salt had no such effect. An 
examination of their charts indicates that physiological saline may elevate 
the basal metabolic rate by 5 per cent; a figure only a trifle less than that 
found in my experiments. 

Observations such as these make it important to determine the degree 
of susceptibility of each animal to saline infusion before attempting to 
interpret the effect of intravenous doses of lecithin. Exercising this pre- 
caution, the effect of lecithin, given intravenously, is noteworthy in its 
negativity. 

The data of table 2 illustrate typical responses. In dog 5 the calorie 
output was increased on an average 4.6 per cent (5 experiments) as a re- 
sult of intravenous doses of 3 to 9 grams of lecithin. The largest increase 
(7.5 per cent) oecurred after giving 9 grams, but was only a trifle larger 
than the average due to salt solution (6.5 per cent). 

In dog 6, three to nine grams of lecithin intravenously caused no discern- 
ible change in heat production, the percentage change ranging from 0 to — 1.4 
per cent. These slight or negative dynamic effects are still more striking 
when we consider that the larger doses (9 grams) are sufficient to increase 
the blood lecithin approximately 700 per cent. The non-protein respira- 
tory quotients also gave no indication that lecithin is oxidized when a state 
of artificial lecithinemia is produced. In both dogs the quotient increased 


greatly after the injection of 3 grams. In dog 6 it also rose slightly after 


larger doses; in dog 5 it fell slightly below the basal level. A glance at 
the figures for hourly nitrogen excretion also shows no greater deviations 
than those following saline injection alone. 

These effects are in striking contrast to the observations of Murlin and 
Riche (1915) who found approximately a 7 per cent increase in heat pro- 
duction, together with a decrease in the respiratory quotient after in- 
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travenous injection of 3 grams of emulsified fat. In view of the observa- 
tions reported here, the question may be raised whether the increased heat 
production might not be attributed to an effect of the saline used, but this 
would not explain the decrease in respiratory quotient found. 

Several attempts were made to increase the amount of lecithin injected 
beyond 1 gram per kilo. For example, dog 6 (table 2), was finally given 
double this dose (18 grams). The data show that the average heat pro- 
duction was increased 53 per cent over the basal, but the R.Q. increased 
to 0.99. The maximum heat production occurred during the third and 
fourth hour when a 75 per cent increase was noted. Such experiments 
could no longer be considered physiological for the animal later developed 
hemoglobinemia; the temperature rose to 40°C. for a few hours, paralysis 
of the legs developed and the animal died. Since lecithin is a hemolytic 
agent the caloric effect and attendant fever were probably due to a toxic 
action of lecithin rather than to its oxidation. 

On the basis of all these results obtained in an investigation extending 
over a year it is concluded that lecithin introduced into the gastro-intesti- 
nal tract or directly into the blood stream exerts little or no specific dy- 
namic effect, does not reduce the respiratory quotient and when given 
intravenously has no effect on nitrogen excretion by the kidney. The 
corollary logically follows that lecithin either plays no part as an interme- 
diary in fat oxidation or that it is burned so slowly that it escapes detec- 
tion. This also fits in with the observation of Nerking (1909) and Bloor 
(1914) that injected lecithin remains in the blood stream for many hours, 
whereas fat similarly injected is quickly removed (15 minutes) by the 
tissues. The body apparently does not have facilities for the removal of 
large excess of lecithin, either by storage or combustion. 


SUMMARY 


1. The possibility that lecithin is an interemdiary in the metabolism of 
fat was studied on dogs by determining the changes in heat production, in 
the R.Q. and in urinary nitrogen after feeding lecithin and injecting it 
intravenously. 

2. In addition to control of the apparatus through alcohol checks and of 
the animal through repeated determinations of its basal metabolism, the 
effect of saline injections per se was taken into account when lecithin emul- 
sions were administered intravenously. 

3. The results show that some animals respond to intravenous injections 
of saline by increased nitrogen excretion and a slight augmentation of heat 
production which cannot be overlooked in evaluating the effects of lecithin 
injections. 

4. Results indicate that lecithin given per os has a specific dynamic 
effect much less than an iso-caloric amount of neutral fat and that when 
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given intravenously in amounts up to 1 gram per kilo has no calorigenic 
effect at all. 

5. These metabolic studies therefore offer but little support for the view 
that lecithin is concerned in the intermediary metabolism of fat or that it 
is an available source of material for oxidation. 
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STATEMENT OF PROBLEM. How accurately blood pressure, say in a 
brachial artery, can be determined by existing criteria and apparatus is a 
debatable question. Assuming this possible, however, the larger question 
remains whether constriction or occlusion of a large artery affects the pres- 
sure in its proximal end to such an extent that even correct readings do not 
correspond to pressures existing in the aorta. 

Gladstone (1929) concluded that systolic pressure readings can be fairly 
estimated as 14 mm. too high owing to conversion of kinetic to pressure 
energy and to water hammer action. More recently, O. Frank and 
Wezler (1931) voiced the opinion that through summation of reflected 
waves from a point of occlusion, the systolic pressure may increase 31 to 
34 per cent. 

Conclusive experimental evidence on this question appeared to be lack- 
ing however; hence this investigation. 

ProcepuRE. Our experiments necessitated finding a suitable artery 
with two side branches between which compression could be applied. By 
inserting an optically recording manometer into these two branches the 
changes of pressure in the proximal and central ends could be compared 
previous to and during various stages of compression and decompression. 
For this purpose a peripheral artery such as the femoral is unsuited because 
the pressure variations in the brachial artery of man retain many charac- 
teristics of the central pulse and are not modified by damping and reflected 
waves, as is the pulse in the femoral artery. 

We finally selected for our work a portion of the left subclavian artery 
between the origins of the left internal mammary and deep cervical ar- 
teries, believing it better to utilize a vessel more central rather than one 
more peripheral than the brachial vessel. Small branches peripheral and 
central to these vessels were ligated. 
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Experiments were performed on anesthetized dogs whose chests were 
opened under properly controlled artificial respiration. After cannulae of 
two optical manometers were inserted in the internal mammary and deep 
cervical arteries and the manometers firmly fixed, a small metal clamp was 
applied on the subclavian artery between the two cannulae. The clamp 
had a lower stationary arm upon which the vessel rested and an upper 
movable arm for compression. By means of a fine screw arrangement 
extending through a fixed handle the degree of compression could be nicely 
graded. In this way a 3 mm. section of artery could be compressed or 
decompressed progressively or stepwise. It should be noted that a rigid 


compressor maintains a constant size of opening during systole and dias- 


tole and does not permit fluctuations such as occur when pneumatic com- 
pression is used. This has the advantage of simplicity and limits the 
physical variables to one, although as we later recognized it may modify 
conclusions as to diastolic pressure changes produced by compression. 

Resuutts. Figure 1 illustrates the pressure pulse changes which gradual 
compression produces in the distal (upper curve) and proximal (lower 
curve) portions of the vessels. They will be designated as proximal and 
distal pressure pulses hereafter. 

The distal pressure pulse. The consecutive alterations in the distal pres- 
sure curve consist of a progressive decrease in amplitude, a slight accen- 
tuation of the primary peak, b’, followed by its lower position on the ana- 
crotic limb, a more gradual rise of each curve to a summit, c’, a relatively 
higher position of the incisural notch, d’, and a more sustained pressure 
after the notch, e’. The detailed changes, somewhat better shown in the 
insert at the upper right-hand corner, are typical of stenosis produced 
anywhere in the central vessels (cf. also records published by Katz, Ralli 
and Cheer, 1928). 

The decrease in amplitude is chiefly occasioned by a fall in systolic pres- 
sure. As a rule the diastolic pressure likewise falls, though to a lesser 
extent. When compression is nearly complete, distal pressure always 
falls as a straight line, D—E. 

The alterations during decompression are essentially the reverse, as is 
shown in figure 2. Several points warrant brief discussion, however. 
Between A and B the vessel was slightly decompressed and the small 
opening created was left unchanged until C, after which there was further 
progressive decompression as indicated by the upper line in the record. 
Between B and C each pulse beat forces a small amount of blood through 
the small orifice with the result that small pressure pulses occur with each 
cycle. Attention is called to the fact that the pressure variations, though 
greatly damped, are transmitted distal to the obstruction throughout the 
phase of systole, not merely during the initial steep rise of proximal pres- 
sures. As the lumen increases, C—D, the amplitude of the pressure curve 
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becomes greater and its form changes in reverse of that described as char- 
acteristic during compression. 

The proximal pulse. The first essential change in the proximal pulse 
curve on compression (fig. 1) consists of an increase in the amplitude of the 
primary oscillation, b. Beginning at a time when a large pressure pulse 
still obtains distal to compression, B—C, this effect increases steadily until 
with nearly complete occlusion, D, it reaches a high peak and is followed by 
a series of decremental vibrations. These distort the summit, c, and doubt- 
less contribute to its elevation. In relation to the normal true systolic 
pressures at A (160 mm. Hg) it was calculated that the peak of the pri- 
mary oscillation, b, at E increases 25 per cent and the true systolic summit, 
c, rises about 11 per cent. On decompression the reverse changes obtain 
(ef. fig. 2). 

A consideration of diastolic pressures shows (see proximal curves, figure 
1) that it rises gradually after D and increases significantly from D to E, 
at which point an increase of about 15 per cent over that at A (94 mm.) 
was calculated. Such changes were the rule but to these there were excep- 
tions, to which we shall allude later. 

We conclude 1, that occlusion of a large artery intensifies the initial vi- 
bration, thereby momentarily raising the systolic pressure very con- 
siderably, 2, that, partly through superimposed after-vibrations, partly 
perhaps from other causes, the true systolic summit in mid-systole is in- 
creased, and 3, that as a rule the diastolic pressure is also elevated some- 
what when occlusion is complete. Experimental observations therefore 
support a priori assumptions that complete occlusion of an artery can ele- 
rate pressures considerably above those normal for an animal or human 
subject. 

Physical factors concerned. Gladstone (1929) has explained the elewa- 
tion of systolic pressure in a compressed vessel above its normal level in 
accordance with generally recognized hydraulic principles (fig. 4). If 
liquid under a pressure head P flows from a reservoir A through a tube and 
stopcock C,, the pressure in a side tube B reaches a lower level at R. The 
difference, P-R, represents the velocity head. If the stopcock is closed 
slowly liquid in B will rise to P, i.e., the kinetic energy of flow is converted 


Fig. 1. Distal (upper) and proximal (lower) pressure curves from a subclavian ar- 
tery during progressive compression beginning shortly after A. Time } second. 
Details discussed in text. Insert shows form changes of distal pulse with greater 
amplitudes. About } actual size. 

Fig. 2. Distal, 2, and proximal, 3, pressure curves from a subclavian artery during 
decompression. Rate of decompression indicated by 1. Time second. Discussion 
in text. About } actual size. 

Fig. 3. Distal and proximal pressure curves from subclavian artery during early 
stages of decompression, during slower heart rate, E segment showing normal pres- 
sure pulses. Time } second. Reduction about }. 
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into potential energy of pressure. If, however, the stopcock C is closed 
very abruptly the momentum of the onward moving column may cause a 
transient elevation of pressure in tube B to S. This is known as the 
“water hammer effect”? and the increase of pressure above the total pres- 
sure head (i.e., P—S) is taken as a measure of the energy contributed by 
water hammer. On such hydraulic principles, Gladstone explains also 
the rise of pressure in an occluded artery: to the natural systolic pressures 
are added pressure energy due to conversion of kinetic energy of flow into 
potential energy of pressure and pressure energy due to water hammer. 

It is obvious that such conceptions are based on hydraulic experiments 
in which constant pressures and constant flow obtain, in other words in 
which conditions are more nearly in dynamic equilibrium. In the blood 
vessels, however, pressure and flow both undergo pulsatile variations; 
they never approximate a dynamic equilibrium. Hence if we choose to 
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Fig. 4. Diagrams illustrating effects due to conversion of velocity to pressure head 
and water hammer in system in dynamic equilibrium (left) and the effects on pres- 
sure curves of arterial system not in dynamic equilibrium (right). 


apply the conceptions of converted energy of flow and water hammer to 
dynamic changes in the circulation it is necessary to restate our concep- 
tions. An attempt at doing so may be ventured. Let the curve A of 
figure 4 represent the natural pressure changes in an artery. The addi- 
ditional pressure due to conversion of velocity to pressure head upon occlu- 
sion of a vessel may then be represented by the curve B. The added effect 
due to water hammer which is transient in nature may be pictured by the 
superadded primary oscillation and its after-vibrations shown as curve C. 
According to such a conception, which also takes account of the vibratory 
character of water hammer, the temporary elevation of pressure during the 
primary peak in our records could be considered an effect of water hammer. 

It is doubtful, however, whether the effects imputed to converted veloc- 
ity head and water hammer can be safely dissociated in this manner. 
Since the velocity maximum according to Broemser (1928) always pre- 
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cedes the pressure maximum, it may contribute to the increased primary 
oscillation when a vessel is occluded. On the other hand, the after-oscil- 
lations superimposed on the summit and damped to a variable degree 
under different circulatory conditions (e.g., existing internal pressures, 
elasticity coefficient of vessels) may contribute to the actual elevation of 
true systolic pressures. With these difficulties before us, we should like 
to raise the question whether it is not advisable to abandon altogether the 
terms “water hammer” and ‘‘reconverted kinetic energy” in discussing 
circulatory dynamics. Certainly the term ‘‘water hammer’ has tended 
to confuse rather than clarify many circulatory problems. 

The complications involved are all obviated if pressure curves are an- 
alyzed by a combination of the “compression chamber” and ‘“‘wave mo- 
tion” theories developed by Frank (1898, 1905). According to this con- 
ception the elastic vessels are regarded as a compression chamber, storing 
energy of pressure during systole and converting it into kinetic energy of 
flow during diastole. The fundamental form, the amplitude and the ac- 
tual systolic and diastolic pressures are determined by the character of the 
systolic ejection, by the degree of peripheral resistance and by the elastic- 
ity coefficient of the arterial walls. The fundamental characteristics so 
established are modified, however, (a) by waves reflected from obstructions 
or bifurcations of vessels, and (b) by natural vibrations set up simultane- 
ously in the arterial walls and blood column whenever abrupt variations 
of pressure occur. 

Applying this form of analysis to our experimental records, it is obvious 
from the great intensification of the primary oscillation and the introduc- 
tion of decremental after-vibrations that the last mentioned factor (b) 
is the most important one affecting systolic pressure when an artery is 
occluded. Reflected waves may also enter to modify pressures as Frank 
believes, but our observations show that they seem to be of little import- 
ance in the region immediately proximal to compression. That they may 
under normal conditions affect systolic pressures in more central vessels is 
quite possible. 

We therefore conclude that the elevation of systolic pressure in the ves- 
sel immediately proximal to an occlusion is most easily explained by the 
creation of oscillations which greatly intensify the primary peak momen- 
tarily and by superposition elevate the true systolic summit to a lesser 
extent. 

Significance of results in estimation of blood pressures by clinical methods. 
The demonstration that systolic and diastolic pressures are mechanically 
increased proximal to obliteration does not ipso facto imply that readings 
of systolic and diastolic pressures by commonly used criteria are also 
correspondingly high. Such, however, has been the general inference. 
An inspection of records published by Erlanger (1921), Bramwell and 
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Hickson (1926) and Frank and Wezler (1931) clearly indicates that the 
first audition of sounds peripheral to a point of compression, as well as 
oscillatory and palpatory criteria of systolic pressure, requires the pas- 
sage of at least a small pressure wave through the region of constriction. 
There are no a priori grounds for believing that the momentary pressure 
peak represented by the primary oscillation can accomplish this; and our 
experimental observations definitely preclude such a possibility. Thus, as 
is clearly seen in the portion of curve between B and C, figure 3,a pulse beat 
that penetrates a constriction is always accompanied by distal pressure 
variations throughout systole, and is in no case limited to the early mo- 
ments of systolic ejection alone. Close inspection reveals similar phenom- 
ena in the smaller curves reproduced at D in figure 1 and at A in figure 2. 

Further-examination of our records shows that, although the primary 
oscillations continue to be intensified, the true systolic level (at c) in the 
proximal pressure curve is very quickly restored to normal after several 
pulse beats have passed beneath the compressor. Thus, in the curves of 
figure 2 this occurs at C, after 8 beats have passed and in the records of 
figure 3 it occurs after passage of 9 beats, i.e., at D. Unless, therefore, sys- 
tolic pressures are measured almost immediately after the smallest waves 
traverse the de-occluded artery, which is improbable in practice, any 
slight elevation of true systolic pressure is probably of academic rather 
than practical importance. 

Unfortunately our investigations allow only probable rather than quite 
certain conclusions regarding mechanical changes in diastolic pressure. 
The criteria for determining diastolic pressure are not so precise as those 
governing estimation of systolic pressure. We found it technically im- 
possible also to register sound variations in conjunction with our other 
records. Finally compression by a rigid clamp, though favorable for 
evaluation of changes in systolic pressures, doubtless introduced difficul- 
ties as far as interpretation of diastolic pressure changes is concerned. In 
fact, it was not our intention originally to study these relations at all. 

One deduction can, however, be made from these experiments. A glance 
at the proximal pressure curves shows that diastolic pressure remains con- 
stant and normal between B and D in figure 1 and between C and Din 
figure 2 except for slight respiratory variations which normally occur. 
While it is obviously impossible to fix definitely the exact place where 
diastolic pressure criteria would apply it will no doubt be agreed by all 
that it would be somewhere in this region of normal diastolic pressures. 
Hence, it is obvious that, while diastolic pressure is elevated when a vessel 
is nearly or completely occluded, it is not raised at the time when diastolic 
pressure criteria would apply. On the other hand, we have a number of 
records in which diastolic pressure decreased slightly during partial oeclu- 
sion. This occurred particularly when hearts were slowed by vagus stimu- 
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lation and the arterial pressures had become stabilized at lower 

The curves of figure 3 show such effects. We do not maintain that similar 
changes necessarily obtain when a vessel undergoes pneumatic compres- 
sion, but we venture the conclusion that if partial compression affect 
diastolic pressure in the vessel at all, the modification is in the nature of a 
reduction rather than an increase. 

Influence of abnormal states of circulation. In addition to studying the 
problem under circulatory conditions normal for the dog, we investigated it 
also during abnormal circulatory states; for example, when heart rates 
were very fast or very slow, during hyper- and hypo-tensive states and par- 


ticularly during experimental aortic insufficiency. Unfortunately no way 


FIG.5 


Fig. 5. Four segments of distal (upper) and proximal (lower) pressure curves from 
subclavian artery during experimental aortic insufficiency, showing changes in con- 


tour during various stages of compression. A, normal uncompressed; B and C, parti- 


ally compressed; D, nearly complete and completely compressed vessel. Time } 


second. Reduced to about } actual size. 


was found to study the modifications introduced by altered elasticity of 
large vessels. 

The effects were qualitatively alike under all conditions studied; the 
chief quantitative difference being the degree to which the primary oscil- 
lation was intensified. In general, the magnitude of its increase and also 
its period were inversely related to the height of diastolic pressure. For 
example, during hypertension produced by reflex vasoconstriction (central 
vagus stimulation) the primary oscillation was increased much less than 
in the illustrations accompanying this paper; its period was shorter and 
after-vibrations were highly damped. The reverse occurred when dias- 
tolic pressure was lowered in various ways. 

Extreme lowering of diastolic pressure was produced by experimental 
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aortic insufficiency. The analysis of records obtained is interesting be- 
cause the subclavian pressure curves show a characteristic intensified pri- 
mary oscillation even without occlusion. Since the period of the oscilla- 
tion is also relatively long the curves have a peculiar spiked appearance, a 
characteristic which is responsible for the so-called water hammer sensa- 
tion on palpation. Segment A of figure 5 shows these normal characteris- 
tics in both proximal and distal pulses. Segments B and C illustrate the 
intensification of this phenomenon on progressive compression, and seg- 
ment D the changes as compression becomes complete. The primary 
oscillation in the proximal pulse is now definitely followed by a large sec- 
ond vibration which gives the curve a typical bifureated appearance. The 
pressure at the summit of each peak is greatly increased, being respec- 
tively 39 and 16 per cent above true systolic pressure in segment A. The 
distal pulse record in this segment shows, however, that even repetitive 
bombardment of a nearly oecluded vessel by very high pressure waves of 
short duration is not sufficient to transmit a pressure wave distal to the 
compression. If this is true of a narrow region of compression (3 mm.) 
it is more certain when a greater length of artery is compressed by a 
pneumatie cuff. 

We therefore conclude that the pressure rise generally attributed to 
water hammer even when extremely intense, as during aortic insufficiency, 
exerts little effect on the criteria by which systolic pressures are evaluated 
clinically and chiefly for the reason that the oscillations produced are so 
transitory. In closing the discussion we may state that these results and 
conclusions were entirely unexpected by us, for in common with others we 
were inclined to believe that mechanical factors might introduce consider- 
able error, particularly in systolic pressure readings. 


SUMMARY 


The question was investigated experimentally whether constriction or 
occlusion of a large artery during estimation of human blood pressures 
elevates the pressures in its proximal end to such an extent that even exact 


pressure readings do not correspond to those in the aorta. 

Pressures from side branches of a subclavian artery were optically re- 
corded and the vessel was compressed between the points of registration. 

The results show that true systolic pressure in the proximal end is ele- 
vated very little and sometimes not at all during complete occlusion; in 
any event it returns to that normal for the vessel soon after pulse waves 
pass the constriction. The primary oscillation of the pressure curve, 
however, is intensified and followed by decremental after-vibrations. 
The degree of intensification, the number of after-vibrations and their 
decrements are inverse functions of the height of diastolic pressure, hence 
they vary in different circulatory states. 
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The physical factors responsible for the elevation of systolic pressure 
during occlusion are discussed. An attempt is made to adapt the usual 
conceptions of a converted velocity head and water hammer to conditions 
obtaining in blood vessels. The suggestion is made, however, that these 
terms can to advantage be abandoned and replaced by an analysis based on 
a combination of the “compression chamber’’ and ‘‘wave motion’’ theories 
elaborated by Frank. In accordance with this analysis neither the funda- 
mental form of the pressure pulses nor the height of true systolic pressure 
is significantly altered by compression of a vessel. Occlusion and con- 
striction cause the walls and blood column to be thrown into more or less 
violent oscillations which mirror themselves in an intensified primary 
oscillation and decremental after-vibrations. The first precedes and the 
latter are superimposed on the summit of the fundamental curve. Re- 
flected waves do not appear to modify the pressure immediately proximal 
to the point of compression. 

Since true systolic pressure is not ordinarily elevated after pulses pene- 
trate a constriction, since greatly intensified or even repeated oscillations 
are incapable of causing a pulsation distal to constriction and since auscul- 
tatory, oscillatory and palpatory criteria for determining systolic pressure 
all require the transmission of at least a small pulse through the constric- 
tion, we reach the conclusion that experimental evidence does not favor 
the view that systolic pressure readings obtained by clinically applicable 
criteria are necessarily too high. Experimental evidence is presented that 
this also holds when violent vibrations of arterial walls and blood column 
are set up, as in experimental aortic insufficiency. 


Experimental evidence demonstrates that while diastolic pressure may 


be elevated during complete occlusion it is not above normal at a time 
when criteria for diastolic pressure would apply. Under certain con- 
ditions, however, diastolic pressure decreases, hence the conclusion that 
estimations of diastolic pressure by clinical methods may be too low, rather 


than too high. 
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The use of artificial hyperthermia in the treatment of certain infections 
and their consequences has received a great impulse from the development 
of physical apparatus by which controllable hyperthermia can be pro- 
duced. Two forms of apparatus are used, viz., that employing high fre- 
quency currents directly applied to the body by means of electrodes and 
commonly referred to as diathermy, and that by which short radio waves 
are caused to traverse the body. In order to differentiate between hyper- 
thermias produced by these means, we shall refer to the latter as radio- 
thermia without any implication that it necessarily differs from diathermia, 
The recent introduction of satisfactory apparatus for producing high tem- 
peratures in patients by passing short radio waves through the body 
(Carpenter and Page, 1930) necessitates an inquiry as to whether the cir- 
culatory reactions produced are similar in kind and degree to those caused 
by application of external heat or whether the passage of electromagnetic 
waves per se produces still other changes which are beneficial or dele- 
terious. 

In order to validate such comparisons, tests should be made on the same 
species of animals under approximately identical experimental conditions 
and by use of the same type of apparatus. Inasmuch as Cheer (1928), 
in close association with one of us, has studied the cardiac and dynamic 
effects of hyperthermia in dogs heated in a hot air cabinet, it seemed par- 
ticularly appropriate to study the circulatory effects of radiothermia in 
this laboratory. 

Previous work. The literature on the circulatory effects of hyper- 
thermia produced by external heat is covered in the publication by Cheer 
(1928) and in the recent survey by Bazett (1931). The circulatory changes 
during radiothermia and diathermia have not been fundamentally in- 
vestigated to our knowledge. However, several physiological conse- 
quences which may possibly affect the circulation indirectly have been 
reported: 


1 Travelling Fellow of the Rockefeller Foundation. 
614 


CIRCULATORY CHANGES DURING RADIOTHERMIA 615 


1. It is quite generally agreed that the CO, content of the blood 1s re- 
duced and that a state of mild alkalosis occurs in all forms of hyperther- 
mia as well as in many fevers (Koehler, 1923; Cajori et al., 1923; Nasset, 
Bishop and Warren, 1931; Nasset, 1931; Banus, 1928, 1931; Bischoff and 
associates, 1929, 1931). Such a state of acapnia and alkalosis may con- 
ceivably reduce venous return to the heart (Y. Henderson, 1923), thus de- 
creasing the minute output and arterial pressures of the resting animal; 
although it remains to be demonstrated that this is not nicely compensated 
for mechanically by the increased pumping action of respiratory move- 
ments. 

2. Several investigators believe they have demonstrated a decrease in 
circulating blood volume but no general agreement exists as to the types 
of hyperthermia in which such reduction obtains. Bischoff and his asso- 
ciates (1929, 1931) concluded on the basis of hemoglobin changes in man 
that reduced blood volumes occur only in radiothermia, thereby differing 
from hyperthermia caused by diathermy and application of external heat 
MelIntosh (1931) using the CO method on anesthetized rabbits concluded 
that diathermia causes a reduced blood volume independent of tempera- 
ture changes, whereas pyrexia produced by vaccines and infra-red radia- 
tions increases it (McIntosh, Kajdi and Meeker, 1930). More convincing 
evidence must be supplied, however, before we can accept the postulate 
that the circulatory volume decreases in hyperthermia produced by passage 
of electromagnetic vibrations of high frequency through the body. 

3. A number of investigators postulate a decreased oxygen carrying 
power of the blood due to the fact that a more stable or non-functional 
form of hemoglobin is formed (Koehler, 1923; Banus, 1928). The ob- 
servations of Bischoff and associates (1929-1931) that venous blood con- 
tains more oxyhemoglobin during hyperthermias and particularly in radio- 
thermia makes it unlikely that an anoric anoremia affects the circulatory 
picture. On the other hand, the observations of Nasset ef al. (1931) 
which indicate that the great increase in basal metabolism cannot be ac- 
counted for entirely by the high temperatures make it possible that a 
tissue anoxemia could occur despite the high O, content of venous blood. 
It is obvious that with so many conflicting elements it is difficult to de- 
cide whether tissue anoxemia really occurs. 

Apparatus. A small model of the short wave generator (Radiotherm, 
Model 200) manufactured by the General Electric Co. was used to pro- 
duce hyperthermia. It was constructed on the same general principle as 
the larger apparatus for human beings described briefly by Carpenter 
and Page (1930). The unit consists of a transformer, a rectifier and a 
vacuum tube oscillator. The following data were kindly furnished by the 
Vacuum Tube Engineers of the General Electric Co. : 
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‘The set is operated from 110 volt, 60 cycle, A.C. mains and, at normal conditions 
of operation, draws a current of 6 amperes. The power input to the set is then ap- 
proximately 600 watts. 

An oil-immersed transformer having a 4500 volt secondary and feeding a full wave 
rectifier forms the 2000 volt D.C. anode supply for the oscillator. This transformer 
has separate windings operating the filaments of the rectifier and oscillator tubes. 
A rheostat is connected in the primary of the high voltage transformer to provide 
anode voltage regulation 

The rectifier consists of two half-wave hot cathode, mercury vapour tubes. No 
filtering circuit is used as the high voltage need not be a pure D.C. potential. 

A shunt-feed, push-pull circuit operating over a frequency range of 9000 to 12000 
KC is used as the oscillator circuit. Best operation is obtained at about 10,000 KC. 
In this circuit the heater plates are in parallel with the oscillatory circuit coil and the 
high voltage is blocked from the heater plates by means of two 6000 volt condensers. 
This oscillator uses two FP-1 pliotrons and delivers 150 watts of high frequency 
power. 

In order to send short radio waves through the body of an animal and 
still employ optical manometers for registration, a great deal of ingenuity 
had to be exercised in order to avoid interference between the physical 
equipments. The following arrangement was found suitable, however, 
for studying the changes of respiration and variations of central arterial 
pressures in the innominate artery by optical methods: 

Small dogs, 8 to 10 kilos in weight, were anesthetized with a small dose 
of morphine and sodium barbital (intravenously). The animal was placed 
on a wooden animal board enclosed in a housing made of dry wood and 
with two partitions fore and aft. The former allowed the head and neck 
to protrude, the latter completely enclosed the hind quarters of the dog; 
but by raising this partition, rectal temperatures could be read and ap- 
paratus adjustments easily made. The heater plates connected to the 
radio frequency oscillator consisted of two aluminum plates which were 
suspended by glass rods from the top of the box and hung to each side of the 
animal. Vertical and horizontal adjustment of the plates was achieved 
by very simple devices. 

A universal optical manometer was inserted into the carotid artery low 
in the neck so that the tip of its cannula reached the innominate artery, a 
technique prescribed by Frank as an essential to trustworthy registration 
of central pulses. Intrapleural pressures were recorded by inserting a glass 
‘annula through an intescostal space and connecting this to a tambour. 
Electrocardiograms were taken in some experiments, but not in all, as this 
involved temporary interruption of the radiotherm in order to avoid dam- 
age to the string. 

In the earlier experiments attempts were made to read temperatures in 
various portions of the body with the aid of thermocouples, but it was soon 
found that they could not be relied upon owing, apparently, to too much 
induction in the thermocouple leads. Earlier fears that mercury thermom- 
eters could not be used were fortunately found to be groundless by care- 
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ful physical tests which assured us that temperatures of surrounding fluids 
and tissues are actually recorded by mercury thermometers placed in con- 
tact with them. For example, thermometers placed in various solutions 
and conducting solid media always recorded, when currents were flowing, 
the same temperature as another thermometer inserted immediately after 
the current had been turned off. Similarly, thermometers inserted into 
the rectum, under the skin and into heart cavities via the jugular vein, 
remained at exactly the same temperature for many minutes after dis- 
continuing radiothermy. 

PROCEDURE. Experiments were performed on 21 dogs. The general 
procedure, from which there were certain variations for special purposes, 
was as follows: With the animal in position between the heater plates, 
control records of respiration and central arterial pressures were recorded 
optically and sufficiently often to assure ourselves of the existence of a 
stable state. Radiothermy was then started—short records being taken 
at 2 minute intervals for the first 10 or 12 minutes; after that, at 10 minute 
intervals until the temperature reached desired levels. Readings of rec- 
tal and heart temperatures were made after each of these records and the 
optical manometers were frequently calibrated under static conditions. 
This procedure enabled us to study any effects that radiothermy may have 
on circulation and respiration apart from the elevation of temperature. 
Further information on this point was also obtained by shutting off the 
current for intervals of 5 to 15 minutes after temperatures had been raised 
to different degrees; but this procedure was adopted in only a smaller pro- 
portion of experiments. 

The initial temperature of dogs varied widely, depending largely on 
the season of the year. As experiments were performed during winter, 
spring and summer months, further opportunity was offered for evaluating 
the effects of currents before the temperature had reached 38°C. 

EXPERIMENTAL RESULTS. The general course of events in animals 
whose initial temperature ranged from 37 to 37.5°C. is first described. 
Simultaneous readings of rectal and heart temperatures uniformly showed 
a gradual deviation, the rectal temperature increasing more rapidly than 
the heart temperature. When radiothermy is uninterrupted, plots of 
cardiac temperatures show a steady linear increase until 40 or 41°C. is 
reached. After this and generally coincident with an increase in respira- 
tory rate and amplitude, the temperature rose more gradually, probably on 
account of the greater heat loss through respiration. Death occurred at 
various heart temperature levels. In a few animals it was as low as 42.1°C.; 
in others, not until 44.5°C. had been reached (ef. fig. 1). 

As in hyperthermia due to external heat, the respiratory movements of 
dogs increased in amplitude and frequency. The intensity of the respira- 
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ingly labeled in figure 2 were taken. 
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on the amount of morphine used, hence the ultimate depth and frequency 
encountered varied greatly when morphine was not used or employed in 
ineffective doses. Respiratory rates of 310 to 330 were not uncommon 
without morphine. With even moderate doses of morphine the aeccelera- 
tion, even at temperatures of 40 and 41°C., was not marked enough to 
prevent the occurrence of expiratory pauses. These different effects on 
respiration are mentioned as they must have a considerable effect in de- 
termining changes of blood CO. and blood alkali. Just before death the 
amplitude and frequency of respiratory movement decreased rapidly and 
respiratory failure occurred before cessation of the heart. 

Klectrocardiograms taken while radiothermy was temporarily shut off 
at various temperature levels showed no significant changes until critically 
high temperatures were reached. An abbreviation of the R-T interval 
and some decrease in voltage of the ventricular deflections were noted, 
however. The end effects were those of asphyxia following respiratory 
failure. No attempt was made to study these in detail, but it is of inter- 
est to note that fibrillation did not appear to be the ultimate cause of 
ventricular stoppage. Definite, discrete complexes of the ventricular 
type indicate that codrdinate action was maintained to the last. 

Changes in the heart and circulation. From optically reeorded curves of 
pressures in the innominate artery it was possible to calculate changes in 
1, heart rate; 2, duration of systolie ejection and occasionally isometric 
contraction; 3, the S/C ratio, and 4, systolic, diastolic and pulse pressures 
with reference to a calibration curve. Such data, plotted in relation to 
respiration rate, temperature and time, as in figure 1, give a general idea 
as to the course of events. In addition, optical pressure records taken at 
different intervals were carefully studied as to contour changes and their 
significance estimated in the light of other dynamic changes. 

The chart of figure 1 illustrates the effects in an animal whose respira- 
tion was markedly stimulated and the photographie records of figure 2 
are actual curves taken at corresponding letters on the chart. In this, as 
in most animals of our series, the vagi nerves were left intact. For con- 
venience of description, the chart is divided into four sections (I to IV). 
The first (1) gives data before radiothermy was applied. The second (II 
shows the events during the initial increase in temperature up to moderate 
levels, usually just below 40°C. This division is made, inasmuch as similar 


temperatures are frequently reached in normal dogs during the period of 


hot summer weather and hence may in a way be regarded as within the 
range of yearly normal for these fur-coated animals. During this stage, 
the respirations showed no significant increase in rate or depth, hence it is 
still possible to compare optical pressure pulses during expiratory rest (cf. 
segments A, B and C, fig. 2). The heart rate, except for a slight initial 
decrease at the temperature of 38°C. (B, figs. 1 and 2) accelerated slightly 
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and showed a little decrease in the duration of systolic ejection. Pulse 
pressures measured during expiratory apnea were found to be increased a 
few minutes after the beginning of radiothermia, and, regardless of the 
initial slowing, diastolic pressure increased almost immediately. These were 
constant effects in all experiments. Once elevated, systolic and diastolic 
pressure showed little alteration until the end of this period. The optical 
curves themselves (fig. 2, A, B, C) display only minor changes in contour. 
A slight exaggeration of the primary oscillation, a greater drop of pressure 
after the incisura and a slightly more gradual decline of pressure during 
diastole are obvious in comparing segments A and C. 

Applying the principles of arterial pressure curve analyses* we can con- 
clude from the records that in addition to the slight cardiac acceleration 
the initial velocity of ventricular ejection is increased but we cannot be 
certain as to whether the total discharge during each systole was changed. 
The higher diastolic pressure can certainly not be attributed to increased 
heart rate alone, for it occurs also during the period of slight retardation. 

The stage of moderate hyperthermia (III) is somewhat arbitrarily de- 
mareated on the chart of figure 1 by temperatures of 40 and 42°C., because 
it represents a temperature range beyond which the therapeutic use would 
not be likely to go. During this stage the heart rate accelerated steadily, 
reaching a rate of 200 per minute at 42°C. Coincident with this, the ejec- 
tion phase decreased from 0.11 to 0.09 second. Despite this great ac- 
celeration, the pulse pressure continued to increase, both systolic and dias- 
tolic pressures being elevated. These changes were progressive when 
radiothermy was not interrupted; they were temporarily held in abeyance, 
as in this experiment, during the period of discontinuance. 

The effects on the pressure curves are illustrated by segments D and G, 
figure 2, those of segments E and F being recorded during temporary ces- 
sation of radiation. In segment D the pressure curves show, in addition 
to the elevation of diastolic pressure and reduction in pulse pressure, less 
steepness in the diastolic gradient. These changes indicate either that 
the run-off from the arterial system is decreased or that the elasticity co- 
efficient of the arterial wall is increased. The curves of segment G show 
still greater increase in pressures and pulse amplitude, but the incisural 
fall of pressure and the diastolic gradient are both steeper in comparison 
with that of segment D. Applying the principles of curve analyses to these 
records the conclusion is reached that the hypertension and large pulse 
pressures are only partly due to cardiac acceleration and chiefly to a greater 
increase in initial velocity of ejection, though it must remain questionable 
in view of the greatly abbreviated period of ejection whether the volume of 
systolic discharge is increased. 

? One of us (W) hopes to summarize fully the principles applied in this laboratory, 
in the near future. 
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During this stage of hyperthermia there is then first some indication of 
diminished efflux from the arterial system or an effect on the elasticity of 
arteries; but this is overcome toward the end of this period by greater 
elevation of arterial pressures due to increased cardiac activity. 

During the fourth stage (fig. 1, IV) the respiratory and circulatory 
phenomena are intensified until the crisis is reached,—in this case, at a 
temperature of approximately 44°C. Respiratory movements increase 
tremendously, both in rate and amplitude, as does the heart rate which 
finally attains a frequency of 340 per minute at K. This is followed by 
the crisis; the respiration stops, the heart rate decreases and pressures sink 
rapidly. Up to the crisis, systolic and diastolic blood pressures continue 
to increase as does the pulse pressure. The pressure curves themselves 
(H and K, fig. 2) show that the systolic ejection phase is deformed through 
an extreme intensification of the primary oscillation which is followed by a 
distinct second oscillation. At the beginning of relaxation a very deep 
incisural fall of pressure occurs and there is very little additional drop 
during diastole. In other words, despite the extremely high pressures very 
little efflux from the arterial tree seems to occur during diastole.* 

Discussion. If we compare the circulatory changes produced by radio- 
thermy with those obtained after heating an animal by external means 
(ef. Cheer, 1928) certain similarities are obvious. The rapid increase in 
rate and depth of respiration and the primary failure of the respiratory 
center at extreme temperatures are similar. The initially gradual and 
subsequently more abrupt acceleration of the heart, also the characteris- 
tic abbreviation of systolic ejection are alike in both forms of hyperther- 
mia. But hyperthermia from application of external heat is accompanied 
by progressive decrease in blood pressures and diminution of pulse pres- 
sures (Cheer, 1928); the pressure pulses acquire a peaked appearance and 
are devoid of all traces of primary oscillations, indicating reduced volume 
discharge, combined with decreased vigor of ventricular contractions. As 
already described, the changes produced by radiothermy are in many 
respects quite the opposite. The diastolic pressure increases, pulse pres- 
sures are greatly elevated and there is every evidence from the appearance 
of sharp primary oscillations that the vigor of ventricular contractions is 
increased to the last. 

It is worth while digressing for a moment from the main theme of this 
paper since the experiments demonstrate remarkably well the importance 
of taking pulse form as well as numerical values for pulse pressure into ac- 
count in drawing conclusions regarding systolic discharge. A glance at the 
numerical changes in systolic and diastolic pressures plotted during the 

3 Attention should be directed to the fact that it was necessary to alter the rela- 


tion of the pressure curves to the base line between segments H and K in order to 
register the high pressures existing. 
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third and fourth stages (fig. 1) could only lead to the inference that the sys- 
tolic discharge had increased despite the marked cardiac acceleration, 
but a glance at the actual pressure curves reproduced in figure 2 shows that 
this conclusion needs to be modified and at some points of the experiment 
must certainly be reversed. The great intensification of the primary os- 
cillation, the subsequent development of after-vibrations, the marked 
diminution in the length of the ejection period, together with the prompt 
fall of pressure during systole or at the very beginning of diastole inclines 
to the view that the volume discharged by each beat is really reduced. 
The great temporary elevation of systolic pressure is due to the increased 
initial velocity of ejection. With such an interpretation a continued in- 
crease in peripheral resistance, or change in elasticity of vessel walls must be 
assumed to take place. 

Does the passage of radio waves have a specific effect apart from the thermal? 
In some respects a careful study of the circulatory changes offers greater 
hope of solving this question than does a study of blood and metabolic 
changes referred to above. The significant differences between the circu- 
latory changes reported by us and by Cheer (1928) naturally suggest that 
the passage of radio waves may have an influence apart from the thermal 
changes induced. In a general way, this influence seems to be such that 
blood pressures are elevated, not decreased, and that the force of ventricu- 
lar contractions is increased rather than depressed. Such general impres- 
sions must not, however, be confused with scientific proof. We there- 
fore sought to obtain further information on the subject by varying the 
experiments. In some instances, as in the one illustrated by figures 1 and 
2, radiothermy was discontinued for short intervals. During these peri- 
ods, the heart temperature as well as the heart rate remained unchanged. 
The pressure changes during two such periods of interruption are illustrated 
by segments D, E, F and H, I, J of figure 2, respectively, and the numerical 
changes in systolic and diastolic pressures are shown at corresponding 
letters on the chart of figure 1. It is obvious at a glance that both sys- 
tolic and diastolic pressures decreased promptly after interrupting radio- 
thermy and promptly mounted again after its resumption. These clear- 
cut observations do not necessarily predicate that changes aside from local 
thermal variations in cardiac muscle occurred. It is not difficult to under- 
stand that any form of apparatus which produces a primary intracellular 
rise of temperature might cause a considerable local heating of these tis- 
sues before a detectable change in temperature of the circulating blood 
manifests itself. Hence we were not satisfied that the absence of parallel- 
ism between heart temperatures and cardiac effects is adequate experimen- 
tal proof for the belief that radiothermy exerts its effect otherwise than 
through local increases in temperature. 

In another group of experiments the effects of radiothermy were noted 
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before any increase in temperature occurred. As a rule, this likewise 
caused an increase in pulse pressure previous to a rise of heart temperature. 
Frequently also, a slight retardation of the heart rate occurred (cf. seg- 
ments A and B, fig. 2). These effects were not instantaneous, however, 
but required 2 to 3 minutes of radiation before they developed. This 
again supports the view that some physical or chemical change must first 
occur before alteration of the heart beat or vascular system is introduced. 

Finally, we tested the effect of radiothermia on dogs whose temperature, 
owing to a cold environment, had fallen to lower levels. The effects on 
the circulation could thus be studied previous to the development of nor- 
mal temperatures (37.5 +°C). Segments of pressure records from such an 
experiment are reproduced in figure 3. The first five segments (A to E) 
show the progressive changes taking place within 31 minutes of such 
radiation, during which the animal’s temperature was raised from 35 to 
36.5°C. Segment C, recorded 6 minutes after radiation and without recog- 
nizable change in temperature, begins to show a few elements of the char- 
acteristic changes: the diastolic pressure is higher and the diastolic gradi- 
ent is less. In segments D and E these changes are more pronounced, and, 
in addition, the amplitude and contour of the curve and the duration of 
systolic ejection are significantly affected. This supports our previously 
expressed opinion that the initial changes which occur are vascular rather 
than cardiac. When heart temperatures reach normal after 74 minutes of 
radiation (segment F) the heart rate slows somewhat and diastolie pressure 
during apnea (beats 1 and 2) is slightly reduced, as is the pulse pressure. 
This slight decrease in heart rate is similar to that observed by Cheer (1928) 
in animals whose supernormal temperature was restored to normal by 
external heat. These experiments and others of a similar nature give no 
evidence that the passage of radio waves has a direct action on the heart 
previous to elevation of temperature, but it does appear to produce a slight 
vascular change, the nature of which requires further study. 

The effects of prolonged hyperthermia and changes during recovery. In 
some of our experiments radiothermia was continued until heart tempera- 
tures reached approximately 41°C. and the animal was then allowed to 
cool at such a rate that a hyperthermia above 39.8°C. had existed in the 
animal for a period of approximately two hours. Most of the animals so 
studied were given small doses of morphine in order to prevent the exces- 
sively deep breathing otherwise produced, thus the reactions corresponded 
more nearly to those observed in man. They had the further advantages 
that blood changes were probably not significant and that pressure varia- 
tions could still be compared during phases of apnea. The records of figure 
3 were taken from such an experiment. In segment F pressure variationg 
obtaining at a temperature of 38.9°C. are shown. We note at a glance the 
slowing of the pulse already referred to and in addition a respiratory 


412° 


Fig. 3. Segments of optically recorded ‘central pulses (upper) and respiration 
(lower) during radiothermy (A to I) and subsequent recovery (J to M Heart tem- 
peratures inscribed directly on each segment (Greatly reduced and slightly re 
touched for reproduction.) Time } second. Discussion in text. 
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arrhythmia which, as a matter of fact, developed somewhat earlier. The 
entire curve is reproduced to demonstrate the variations in diastolic pres- 
sure, pulse pressure, contour of curve and duration of systolic ejection that 
may be expected at different cycle lengths when temperatures are still 
normal for the dog. Subsequent changes induced by radiothermia can be 
compared with it to advantage. As the temperature rose progressively 
at 41.2°C. (segment I) the circulatory changes followed practically the 
same course regardless of the fact that respiration remained very slow. 
Segments G, H and I illustrate the most significant alterations. They 
require no further discussion, except to state that at the time segment I 
was taken the animal’s temperature had exceeded 39.7°C. for 30 minutes. 
Immediately after this record had been taken radiothermy was perma- 
nently discontinued and the subsequent segments show the changes during 
recovery. It will be noted in segment J, taken 22 minutes later but when 
the heart temperature was still 40.8°C., that no very essential alterations 
in the heart’s action had taken place. Although the heart cycle is ex- 
actly the same as that of segment C the systolic ejection is only 0.071 
second as compared to 0.12 second in the beats of segment C. However, 
the diastolic pressure especially is lower and the diastolic gradient less 
steep. As cooling continues to 39.3°C. (segment K) and to 38.5°C. (seg- 
ment L) both systolic and diastolic pressures fall considerably and pulse 


pressure is greatly reduced. It is quite obvious that the systolic discharge is 


seriously impaired and that ventricular ejection does not occur with normal 
vigor. Segment M shows the effects two hours after discontinuing radio- 
thermy and 45 minutes after taking record L. The temperature had fallen 
to 36.5°C. The curves show that some degree of recovery occurred. 
Compare these beats with those of segment A, however. We note very 
similar systolic and diastolic pressures, but the contour of the curves clearly 
shows the existence of a hypodynamic state of the heart and circulation. 
Calculations show that systolic ejection is still very short, that the heart 
remains accelerated and that volume of systolic discharge is still below 
normal. 

We must therefore conclude that prolonged radiothermia even when 
temperatures do not reach precritical levels is followed by severe circulatory 
reactions during the process of cooling and after the restoration of normal 
temperatures. While irreversible dangerous hypodynamic states from 
which recovery is impossible (circulatory failure) have not been encoun- 
tered in our experience the reactions are sufficiently severe to suggest the 
need of greatest care and caution in the handling of human subjects im- 
mediately after exposure to the radiotherm. 


SUMMARY 


The circulatory reactions during radiothermia (i.e., hyperthermia pro- 
duced by passing short radio waves through the body) were investigated 
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in anesthetized dogs by registering the pressure pulses from an innominate 
artery by a mirror manometer. 

Several types of experiments were carried out: 1. In some heating by 
radio waves was continued until death. 2. In others radiothermy was 
interrupted for varying periods and at different temperature levels. 3. 
In still others, hyperthermia was maintained between 39.8 to 41° for an 
hour or two, and the recovery studied. 

Qualitative and quantitative studies of the circulatory reactions reveal 
certain differences in hyperthermias produced by high external tempera- 
tures and by radiothermy. In hyperpyrexia due to the former, blood 
pressures tend to decline with temperatures above 41°C. The pressure 
pulses become smaller, rise more gradually to a peak and are devoid of 
all secondary vibrations. In short, they display features which sug- 
gest that systolic discharge is reduced and the force of ventricular con- 
traction decreased. During radiothermia, on the other hand, systolic 
and diastolic pressures increase tremendously after heart temperature 
exceeds 41°C. The pressure pulse increases greatly in amplitude, rises 
sharply to a peak and contains many after-vibrations. All of these features 
suggest that the force and vigor of ventricular contraction are improved 
until the crisis is reached. Many features of the curves suggest, however, 
that the systolic discharge delivered by each beat may not be increased and 
perhaps is decreased. Vascular changes doubtless contribute to the blood 
pressure changes, but whether these are in the nature of an increase in 


peripheral resistance or a decrease in elasticity of vessel walls requires fur- 


ther study. 

Despite the fact that changes in heart rate, pulse pressure and pulse 
form have been observed without changes of temperature within the heart 
cavities, this does not prove that the passage of radio waves exerts an ef- 
fect independent of local temperature changes in the cardiac or vascular 
structures. 

When radiothermy is continued long enough, death occurs as in other 
forms of hyperthermia, i.e., through primary failure of the respiratory cen- 
ter which is followed by circulatory failure due to asphyxia. 

Animals kept between temperatures of 39.8 to 41° for two hours manifest 
a circulatory reaction as the temperature declines and returns to normal. 
The blood pressures fall and pressure pulses clearly indicate that systolic 
discharge is decreased and ventricular expulsion is less forceful. These re- 
actions combined with vascular relaxation may cause hypodynamic states 
which, though not to be classed as circulatory failure, are nevertheless 
severe reactions. Hence the suggestion is made that great care and caution 
are advisable in the aftercare of patients exposed to prolonged radiothermy. 
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Although the disturbances of cardiac rhythm and the electrocardio- 
graphic changes subsequent to ligation of large coronary branches have 
been repeatedly investigated in recent years, the dynamic changes which 
follow when irregular action is transient or absent have not been exten- 
sively investigated. Indeed, the studies of W. T. Porter (1894, 1896) 
appear to be the only ones on record in which dynamic changes in the heart 
and circulation were more than incidentally investigated. Porter recorded 
left ventricular pressures by a Gad manometer and succeeded in ligating 
the ramus descendens anterior without the accompanying veins. His 
results showed clearly 1, a gradual and continuous decrease in the height 
of ventricular pressure curves; 2, a slower gradient of upstroke and of dias- 
tolie downstroke, and 3, an increase in initial tension preceding cardiac 
standstill (fibrillation). More recently, Sutton and Lueth (1930) as a 
minor part of their program for investigating the cause of cardiac pain 
reported that ligature of large cardiac branches causes an immediate fall 
of mean arterial pressure which is prevented however by section of the 
vagi nerves. No explanation is given for this remarkable effect. Feil, 
Katz, Moore and Scott (1931) who also recorded mean arterial pressures 
found more instances in which no alteration of pressure or even a rise 
occurred than cases in which it fell, regardless of the fact that the vagi 
were left intact. Sutton and Lueth (1930) also registered the contrac- 
tions of the right auricle and ventricle by means of a myograph. The 
published tracings seem to show an increased amplitude of right ventricu- 
lar contractions and a considerable dilatation during diastole. The methods 


employed are scarcely adequate, however, to establish these facts with 
surety (cf. Wiggers, 1923). 

If the results of Porter and those of Sutton and Lueth are given equal 
value we are left with the conclusion that the left ventricular contraction 
diminishes while that of the right increases. The validity of such con- 


1 Travelling Fellow of the Rockefeller Foundation. 
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clusions, as well as the reasons for such effects, however, require further 
check and study by more precise methods. 

MetuHops. Large dogs were chosen and anesthetized with small doses 
of morphine and barbital. The chest was opened under artificial respira- 
tion. Pressures were recorded from the left and right ventricles, aorta 
and pulmonary arteries, two at a time and in various combinations by 
Wiggers universal optical manometers. The usual technique discussed 
by Wiggers (1928) was followed. Electrocardiograms were always re- 
corded (usually lead II) and in some experiments mean carotid pressure 
and kidney volumes were recorded in addition. 

For the sake of uniformity the ramus descendens anterior was ligated 
1-2 cm. from its origin. The vessel was dissected free from accompanying 
veins and tissue, and the isolated vessel was ligated. As a rule, but not 
always, the ligature was applied above the origin of the first branch supply- 
ing the conus region of the right ventricle. 

Continuous optical records were taken immediately before and after 
drawing tight the ligature so that the consecutive effects for the first 30 
seconds were recorded. After this, records were taken at 1 minute inter- 
vals for 4 to 6 minutes, then at longer intervals until death from fibrilla- 
tion occurred or up to one hour in case of survival. 

In order to avoid changes in heart rate—so essential in evaluating cardio- 
dynamic changes—as well as to create a slower tempo, the S-A node was 
clamped in approximately half the experiments. The vagi nerves were 
always left intact. 

General course of experiments. Earlier investigators found that ventric- 
ular fibrillation terminates the experiments relatively soon after ligation 
of the ramus descendens anterior. Thus, in Porter’s experiments arrhyth- 
mia and tachycardia followed by fibrillation occurred 65 to 264 seconds 
after ligation ; subsequent experimenters (Miller and Matthews (1909), Kars- 
ner and Dwyer (1916), Smith (1918)) demonstrated that fibrillation is not a 
necessary accompaniment of coronary vessel ligation and that the mor- 
tality can be reduced to about 9 per cent, the remaining animals living for 
many months. 

In my experiments fibrillation occurred more frequently. This may be 
due to several factors; among them, that the vessel was ligated nearer its 
origin and that nonvolatile anesthetics and more complicated experimental 
procedures were required in my dynamic studies. For example, one 
ventricular manometer was always inserted through the ventricular wall 
and in case of left ventricular pressure registration this was inserted through 
the area supplied by the ramus descendens. 

Nevertheless, 23 good experiments were realized as far as information 
on the dynamics of the ventricles was concerned. In 11 dogs fibrillation 
occurred 4 to 26 minutes after ligation without signs of a hypodynamic 
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Figs. l and 2. Aortic (upper curve) and left ventricular (middle curve) pressure 
curves with E.C.G. lead II. Showing effects before and after ligating ramus descen- 
dens anterior. Discussion in text. 


condition preceding fibrillation. In two experiments fibrillation followed 
premature contractions produced by accidental mechanical stimulation. 


Seven dogs survived for an hour or more and the experiments were ter- 
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minated voluntarily. Three dogs displayed a progressive failure and after 
the heart had become very weak died in 15 to 25 minutes in final fibrillation. 

Description of records. The dynamic changes following ligation at 
different intervals up to 1 hour in a favorable experiment are illustrated 
in figure 1. Segment A illustrates curves obtained before tying and seg- 
ments B and C the effects during the 17 beats following ligation. The most 
obvious and immediate changes in the aortic pressure curve (upper) are 
the decrease in systolic and diastolic pressures and the changes in its con- 
tour, the rise being more gradual and the summit more rounded. 

The left ventricular pressure curves (middle curves) rise more gradually 
and reach a lower and more rounded crest. The initial pressure is slightly 
elevated. In short, the chief findings of Porter are substantiated by use of 
more efficent manometers. Calculations show, in addition, that the dura- 
tion of contraction is decreased very significantly and that the change 
occurs without alteration of the isometric phase. This occurred despite 
a slight increase in the duration of the entire heart cycle (0.36 < 0.37 sec.). 
Reactions of this type were obtained in more than half of the experiments. 

The conclusion is reached that ligation of a large coronary artery may be 
immediately followed by a hypodynamic beat characterized by decreased 
amplitude and abbreviation in contraction. The changes in blood pressure 
are obviously a consequence of the reduced systolie discharge, and could 
not possibly be affected by vagus section. 

As shown in segments D, E and F, which were recorded 4, 9 and 60 
minutes respectively after complete ligation, such hypodynamic effects do 
not persist long. In as short a time as 4 minutes after ligation (segment D), 
aortic and ventricular pressures are not only restored to normal but actually 
indicate that the heart action is dynamically somewhat better than normal. 
The systolic pressure maxima are higher, the form of the curve is normal 
again and the period of contraction lengthens again. The chief altera- 
tions are a definite rise of initial tension and an increased diastolic size of 
the ventricle, noted on inspection. The longest interval noted for such 
complete recovery was 7 minutes. Segments FE and F show that such 
dynamie recovery persists for a long time; but the initial tension continues 
to rise and the duration of contraction tends to decrease slightly again. 

The conclusion is clear that compensatory mechanisms very promptly 


come into play to restore ventricular action and blood pressures to normal 
provided the heart is not hampered dynamically by too many unfavorable 


premature contractions and provided, of course, that it escapes early 
fibrillation. 

In three of the 23 experiments the compensatory changes of the left 
ventricle noted above failed to occur. The heart dilated progressively and 
the beats became visibly weaker. The course of the pressure changes are 
exemplified by records reproduced as figure 2. The aortic pressures decline 
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progressively while the ventricular pressure maximum becomes progre 
sively lower despite the progressive increase in initial tension. However, 
comparison of segments A and C show that the initial abbreviation of 
contraction shown in segment B does not persist. The curves of segment D 
illustrate the failure of the left ventricle 3 minutes before eventual fibrilla- 
tion supervened. 


These exceptional experiments are reported because they probably give 


an idea of the mechanisms through which the heart eventually fails in 
animals and men that survive for comparatively long intervals of time 

The records of figure 3 illustrate another type of reaction which occurred 
in approximately one-third of my series, viz., a condition in which the 
systolic pressure maxima in aorta and left ventricle were not primarily 
decreased, but on the contrary, increased. In these animals the pro- 
nounced abbreviation of systole is the only characteristic, the cardiae eyele 
remaining practically unchanged (cf. segments A and B). Within 4 to 6 
minutes later systolic ejection lengthened again as shown in segment C and 
the configuration of the pressure curves was restored to normal. Enlarge- 
ment and superposition of the left ventricular pressure curves of segments 
A and C show evidence of a slight though unmistakable increase of initial 
tension not easily seen in records reproduced in reduced size. Observa- 
tion revealed a considerable increase in the diastolic size of the ventricles 
at the time. 

The records of figure 3 also illustrate one type of right ventricular re- 
sponse, viz., a slight decrease in the contraction amplitude of the right 
ventricle in segment B while that of the left increases. ‘The duration of 
right ventricular contraction is also diminished but owing to the indefinite 
character of the incisura exact calculations are difficult to make. For this 
purpose, studies of simultaneous aortie and pulmonary arterial pressure 
curves are really better. Several experiments in which such records were 
obtained were carried out. In each it was found that the decrease in the 
contraction period of the right ventricle was much less than in the left and 
recovery occurred earlier. The following brief tabulation of results from 
experiment AA-42 illustrate the changes when the cycle remained 
unaltered, 


EJECTION 
PHASE, LEFT 
VENTRICLE 


Normal 0.137 
11 seconds after ligation 0.096 
20 seconds after ligation 0 O87 
5 minutes after ligation 0.125 
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In other experiments however the right ventricular contractions showed 
no obvious changes while the left was characteristically depressed. An 


example of this type of response is reproduced in figure 4. 


FIG. 4 


a a c 


Figs. 3 and 4. Left (upper curve) and right (middle curve) ventricular pressure 
curves with E.C.G. showing effects before and after ligating ramus descendens 
anterior. Discussion in text. 

Fig.5. Left ventricular pressure @urve and E.C.G. (lead II) showing simulta- 
neous changes in configuration. Discussion in text. 


It is obvious that the changes in the dynamies of the two ventricles may 
be dissimilar or again that the alteration in beats may be limited to the 
left ventricle. In no instance was an increased vigor of right ventricular 
contraction found, however. 
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The relations found between electrocardiographice changes and dynamic 
alterations particularly in the left ventricle may be briefly referred to. 
Consonant with observations of others no early changes in the electrocardio- 
gram were found asarule. Apparently the characteristic changes in the 
electrocardiogram deflections are either delayed (Smith, 1918) or the result 
of additional ischemia of the heart muscle (Feil, Katz, Moore and Scott, 
1931). The complete absence of significant alterations is illustrated in 
the electrocardiogram of figure 1. 

In figure 3 however the electrocardiograms indicate a tendency to form 
a negative T wave and this despite the fact that the dynamic efficiency illus- 
trated by pressure curves is essentially normal. Figure 5 is added to 
illustrate one of three cases in which a characteristic monophasic ventricu- 
lar complex developed rather quickly after ligation. Its early appearance 
in association with a greatly dilated and hypodynamic heart (evident from 
pressure curves) would be significant were it not for the additional facts: 
that 1, in the two other cases in which the heart failed progressively, the 
electrocardiogram remained perfectly normal, and 2, during a recent class 
demonstration a similar alteration of the electrocardiogram occurred when 
the coronaries had not been ligated and no cardiodynamic disturbances 
coexisted. My experience leans toward the conclusion that no relation- 
ship exists between changes in the electrocardiogram and the dynamic 
changes in the ventricle; either may occur without the other and their 
coexistence may be entirely a matter of chance. 

Discussion. The initial and almost immediate changes in the dynamics 
of the left ventricle after coronary ligation fall into two general classes: 
a, those in which a preliminary phase of slight hypodynamic action occurs, 
to be followed by a phase of quick recovery except for a continued and 
pronounced abbreviation of contraction, and b, those in which a prompt 
reduction in the duration of the contraction phase is the only abnormality. 
Careful study of the results inclines to the belief that the two types of 
reactions are fundamentally identical in the sense that in some hearts the 
two processes occur together and in others follow in succession. 

Two views as to the nature of these dynamic changes are possible: 1, 
that an alteration of contraction occurs in all myocardial elements of the 
left ventricle, and 2, that functional changes are limited to muscle tissue 
in the area whose blood supply is interrupted. Since crucial evidence on 
these alternative explanations cannot be adduced, the writer wishes to 
maintain an open mind toward either possibility but at present regards 
the latter as the more logical assumption. Anatomical preparations of the 
dog’s heart made by Moore and described by him (1930) have shown that 
a considerable area of the left ventricle, approximately the anterior third 
of the thick muscular septum and a smaller portion of the right ventricle 
adjacent to the coronary sulcus is acutely deprived of its chief source of 
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blood supply by my method of ligation. In consequence, a local tissue 
anoxemia supervenes despite any existing collateral circulation with other 
coronary branches or the Thebesian system. This is evidenced by the 
cyanotic rather than pale color of the middle region of the anterior surface 
of the heart shortly after ligation of the ramus descendens. Unless evi- 
dence can be adduced to the contrary, it must be assumed that changes in 
these impoverished areas of muscle tissue rather than less probable changes 
in the remainder of the heart muscle determine the dynamic reaction of the 
ventricle as a whole. Furthermore, it is impossible at this time to picture 
any mechanism which acting on the entire ventricular myocardium can 
produce such a prompt and significant abbreviation of systolic ejection. 
Sands and De Graff (1925) found that anoxic anoxemia has such an effect; 
but there is no reason to suppose that other regions of the heart suffer an 
oxygen lack after ligation. Feil and Katz (1923) noted a decrease in 
duration of systole in decompensated hearts which they attribute to over- 
distention; but at this stage the hearts of my animals were not significantly 
distended and recorded pressure curves failed to show any appreciable rise 
of initial tension. The hearts certainly were not decompensated in any 
sense. Accelerator nerve stimulation (Wiggers and Katz, 1920) and 
epinephrin (Wiggers, 1927a) produce a similar abbreviation of systole; 
but the hearts of animals after coronary ligation showed neither accelera- 
tion nor amplitude changes consistent with the assumption that adrenalin- 
like substances are produced in the anemic areas and distributed to other 
regions of the heart. 

On the other hand careful study has shown that the changes noted are 
all capable of explanation by local changes on the hypothesis advanced by 
Wiggers (1927) that ventricular pressure changes are the resultant of 
successive summated fractionate contractions. In figure 6 is shown such 
a resultant curve A derived mathematically from summation of a series 
of six hypothetical fractionate contraction curves drawn below. If how- 
ever only one of these curves—indicated by dotted line—be deleted and 
the remainder summated, the curve B is derived. Its characteristics are 
a lower pressure maximum and a marked reduction of systole which, in an 
afterloaded manner of contraction, would show itself by a great reduction 
of systolic ejection (z-y). This is identical with the first and predominant 
change found in the majority of my animal experiments. We need only 
suppose that muscle fractions in the anemic area respond with less vigorous 
contractions to realize the result expressed graphically by complete dele- 
tion of one-sixth of the fractionate contractions. Hence the deletion of a 
fractionate portion of the contractile force in the anemic area is offered as 
an explanation of the diminished vigor and decreased duration of the con- 
traction found in a preponderance of experiments. 

But the response of cardiac muscle apparently changes when anoxemia 


VENTRICULAR RESPONSE TO ANTERIOR CORONARY LIGATION 637 


reaches a certain degree,—the velocity of tension development increases 
and the duration of contraction shortens. This was demonstrated by 
Sands and DeGraff (1925) and confirmed by the studies of Strughold 
(1930) by testing the response of the whole heart to anoxic anoxemia. 
If, as illustrated in figure 7, a series of six successive fractionate contrac- 
tions, the 4th of which rises more steeply and terminates earlier, be added 
algebraically the resultant curve C is obtained. We note that it has 
practically the same height as curve A but the duration of systole and, in 
an afterloaded mode of contraction, the ejection phase (z-y) are also reduced. 
This is identical with the reaction observed in a second group of experi- 
ments exemplified by curves in figure 3. Hence the suggestion that in- 


Fig. 6 Fig. 8 
Figs. 6, 7 and 8. Constructions showing theoretical variations in contour and 
temporal relations of ventricular pressure curve (upper curves) produced by varia- 
tions in number and contour of fractionate contractions (lower curves). Discussion 
in text. 


creased velocity of contraction combined with a shorter duration of con- 
traction in the muscle units of potentially infarcted areas is the cause of 
those dynamic reactions which show abbreviation of systolic ejection 
alone. 

It is not the contention that one of these two types of reactions occurs 
to the exclusion of the other in any given heart after ligating the ramus 
descendens branch of the anterior coronary artery, but rather that both 
effects occur side by side in the potentially infarcted area, with one effect 
dominating. The dominance is easily explained when the variable degree 
of collateral circulation found in different hearts of dogs and the many 
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physiological factors which determine their functional efficiency are taken 
into account. It is quite possible by summating large numbers of frac- 
tionate contractions to produce the same effect as shown in curve B by 
deleting one but intensifying and shortening another fractionate contrac- 
tion curve. As such graphs become too complicated for successful illus- 
tration, I have resorted to the simpler graphic method for expressing my 
ideas. 

It remains to explain the mechanism whereby the duration of ventricu- 
lar systole gradually increases and the contour as well as the ultimate 
pressure maximum are restored to normal even though vessels remain 
occluded. 

The simplest explanation would be that as a result of a continued im- 
provement in collateral circulations a gradual recovery of the normal con- 
traction mechanisms occurs in the potentially infarcted area with the result 
that the conditions depicted in curve A of figure 6 are restored. Two facts 
are opposed to such a conclusion. It has been demonstrated conclusively 
that hemorrhagic infarcts which later undergo decolorization and cicatri- 
zation occur in dogs after ligating the ramus descendens provided animals 
are allowed to survive (Karsner and Dwyer, 1916). Since this clearly 
indicates that the collateral circulation is not adequate to maintain nutri- 
tion in later stages it is also unlikely that it becomes sufficient to revive 
functionally damaged muscle during the period of these experiments. 

Furthermore, it has been a constant observation that at the time of such 
recovery the ventricle is definitely dilated. Pressure curves from the left 
ventricle reveal a measurable increase in the initial tension. In other 
words, the contraction pattern of the potentially infarcted heart is restored 
to normal only after initial tension and increased diastolic size have 
increased, consequently, the obvious suggestion that the increase in 
diastolic size is responsible for the recovery and that it acts by affecting 
chiefly at least the undamaged muscle of the ventricle. The effects of 
such a mechanical stretching are well known; it increases the duration as 
well as the amplitude of contraction in the normal heart and according to 
the experimental evidence of Wiggers (1927) does so exclusively by a simi- 
lar action on the component fractionate contractions. The effects of such 
an increase in the magnitude and duration of fractionate contractions when 
one of a series of six is eliminated is shown in curve D of figure 8 which is 
the algebraic sum of the curves shown below. Comparing curves A and 
D in figures 6 and 8 we note recovery to nearly a normal amplitude and 
form as well as reinstatement of normal contraction and systolic ejection 
phases. Coupled with an increased contraction velocity of some of the 
fractions as illustrated in graph C of figure 7 it could actually lead to a 
higher pressure maximum and normal values of systolic ejection such as 
are illustrated in the optical records of figure 1, D, E, F. Thus it may 
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quickly come about that the dynamic efficiency of the ventricle as a whole 
is improved, though at the expense of a decreased reserve power. 

The ability of the ventricles to compensate in this manner depends 
largely on the condition of the unaffected heart muscle; if it is unable to re- 
spond in the characteristic physiological manner, the heart dilates more and 
more and eventually responds by much feebler contractions as illustrated 
in figure 2. As is well shown in these curves, failure to respond by larger 
contractions to increased initial tension does not necessarily prevent the 
subsequent prolongation of contraction, a divergence of phenomena which 
Doctor Wiggers informs me has been noted in other circumstances. The 
separate factors concerned obviously require more detailed investigation. 

After ligation of the ramus descendens, the dynamics of the right ven- 
tricle was found either to be unaltered or to show changes similar to but 
much less in degree than those in the left. 

While my time limitations in the laboratory made it impossible to check 
all the variables that may enter and particularly changes in venous return, 
a careful study of individual experiments and of the gross distribution of 
the coronaries below the ligature suggests that the dynamics of the right 
ventricle remain unaffected when the first rather constant branch supply- 
ing the conus region of the right ventricle was missed by the ligature, but 
a moderate decrease in amplitude and duration of systolic ejection took 
place when the descending ramus was tied above its origin. This interpre- 
tation proved more convincing after a careful restudy of Doctor Moore’s 
preparations and x-rays of the injected coronaries, kindly placed at my 
disposal by Professor Karsner. That a considerable region of the conus 
and basal region of the right ventricle may be supplied by this branch 
cannot be doubted. 

Hence the suggestion is made that when an adequate region is deprived 
of its supply from the anterior coronary descendens branch the reactions of 
the right ventricle can be explained as are those of the left. Owing to 
better collateral circulation, recovery occurs more rapidly however and in 
this case may indeed be concerned with recovery. 


SUMMARY 


The changes in ventricular contraction following ligation of the isolated 
ramus descendens branch of the anterior coronary artery in the dog were 
studied by recording pressure pulses from the ventricular cavities, aorta 
and pulmonary artery by means of optically recording manometers. 

In the preponderance of experiments, ligation was followed immediately 
by hypodynamic beats characterized by decreased pressure amplitudes 
and a significant reduction in the intervals of systole and systolic discharge. 
In consequence of the reduced systolic output, systolic and diastolic pres- 


sures fell. These effects however were promptly compensated for (4-7 
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min.) through an increase in diastolic size and a rise of initial tension which 
restored systolic pressures in the left ventricle and aorta as well as the 
duration of contractions to normal. Occasionally a slight overeompensa- 
tion occurred so that the ventricle action as a whole was dynamically 
supernormal. 

When the condition of the heart muscle is so poor that its power of 
responding properly to such changes in initial tension is lost, the ventricles 
progressively dilate, the beats become more feeble, the pressure in ven- 
tricles and aorta falls and acute myocardial failure supervenes. 

In approximately one-third of the experiments, systolic pressures in the 
aorta and ventricle were not decreased primarily, but tended to increase. 
In these hearts the typical initial abbreviation of contraction was always 
present however. 

The dynamics of the right ventricle and pulmonary circulation were either 
unaffected or showed changes similar to though less in degree than those 
described as characteristic for the left side of the circulation. The differ- 
ences are attributed to the extent to which potential infarction of the right 
ventricular muscle occurred in different ligations. 

Electrocardiographic changes were incidentally recorded. As a rule, 
no significant changes in the character of deflections occurred; more 
rarely, a tendency to development of negative T or monophasic initial 
deflections was noted. Both occurred without regard to the dynamic 
conditions of the ventricles as judged by ventricular pressure curves. 

Two views as to the cause of the changes in ventricular action after 
coronary ligation are discussed, viz., 1, that the contractile force and dura- 
tion are changed in all muscle units of the ventricle involved, and 2, that 
the changes observed are due to modifications or deletion of fractionate 
contractions in the potentially infarcted area. In brief, the conclusions 
are reached: 1, that the primary depression of contraction and decrease 
in ventricular systole are caused by deletion of fractionate contractions in 
potentially infarcted areas; 2, that absence of the initial depression may 
be accounted for by primary anoxemia of some affected muscle fractions, 
but 3, that the real compensation by which duration of contraction and 
normal pressures are restored and maintained is due to the increase in dias- 
tolic size and initial tension. Through the response chiefly, if not solely, 
of unaffected muscle the contractions of the ventricle are restored to 
normal. Attention is called to the fact, however, that this occurs at the 
expense of the reserve power of the ventricle affected. 


In conclusion, I wish to express my gratitude to Prof. Carl J. Wiggers 
for his guidance and help and also for the facilities offered in his department. 
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Direct observation of blood capillaries has become an easy and useful 
method for study of problems of transudation and absorption. This ease 
of observation is due to the contained red cells. It is the absence of a 
visible content which has made direct observation of most lymphatics 
so difficult. 

Even in fixed and stained preparations the lymph capillaries are usually 
poorly defined as compared with the blood capillaries, and many points of 
prime physiological importance cannot be learned from even the best 
material. The web of the frog is one of the few capillary areas which can 
be examined without mutilation or disturbance. In addition to a plentiful 
blood supply it possesses an extensive network of lymph capillaries. von 
Recklinghausen (1862) described the injection of these lymphatics, and 
published a very characteristic picture of them. He employed a Berlin 
blue mass and injected by means of a needle thrust into the subcutaneous 
lymph sac near the ankle joint. He reported that much pressure was 
necessary in order to cause the mass to enter the lymphatic network, but 
when the flow started it spread abruptly. von Recklinghausen found no 
evidence of extravasation, and concluded these vessels were not con- 
tinuous with the tissue spaces—a conception out of accord with his principle 
of direct communication. Langer (1867) duplicated von Recklinghausen’s 
injections and provided a drawing of the lymphatic net together with the 
blood capillaries. One of the physiological issues which has interested us 
is the comparative absorbing surface offered by these two systems in a 
known area of tissue. Unfortunately Langer’s illustration, in addition 
to a somewhat imaginative quality, fails to give the degree of magnifica- 
tion. We have found no other histological examinations of the web 
lymphatics, and consequently have been compelled to make preparations 
of a number of different types in order to get all the facts possible. 

Metuops. All lymphatic and vascular injections have been made in 
the living frog, anesthetized with urethane (0.02 ec. 25 per cent urethane 
per gram). This results in a varying degree of capillary dilatation, but 
frogs recover readily from urethane, a desideratum not realized regularly 
with other non-volatile anesthetics (sodium veronal, nembutal). 
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In order to show details of lymph capillary structure we injected 2 per 
cent silver nitrate in water and then exposed the foot to strong ultra-violet 
light for 30 minutes. 

To show the extent of the lymph capillary plexus the graphite mass 
described by Drinker and Churchill (1927) was used. This behaved 
beautifully if it was unnecessary to keep the capillaries filled for more than 
a few minutes. The mass begins to run out of the lymphatics into the 
subcutaneous lymph space as soon as the injecting pressure is removed, and 
while this complete failure to stick is often of value, it prevents keeping 
the same vessel in view for a long time. Injections of commercial India 
ink left the lymphatics more slowly, but invariably ran out leaving the 
vessels just as invisible as in the normal web. A convenient mass for vital 
injection, and one certainly fairly normal for the living animal, was made 
as follows. To 4 ee. of a thick ammonia free graphite suspension in 3 per 
cent gum acacia add 4 ee. of fresh oxalated mammalian blood plasma (0.5 
ec. 1 per cent sodium chloride to 4 ce. whole blood). Determine the 
coagulation time of the graphite-plasma mixture on adding 1 per cent 
calcium chloride in 0.9 per cent sodium chloride. Select an amount of 
the calcium chloride solution which will give firm coagulation in about 
3 minutes. Avoid shaking while obtaining this coagulation time. With 
all in readiness add the necessary amount of calcium chloride solution to 
the graphite-plasma mixture, stir, pour into a syringe and inject at once 
into the subcutaneous lymph sac toward the toes, inserting the needle 
below a ligature tied around the ankle. Another convenient method of 
injection is by means of a cannula tied under the skin at the tip of the 
middle toe. The ankle ligature enables one to raise pressure in the 
lymph sae by preventing escape of the injection mass up the leg. The 
web should be watched and as the pressure increases the lymphatics will 
be seen to fill suddenly. The mass will clot in 3 minutes and when solid 
the ligature should be removed from the ankle. After some hours the clot 
begins to contract and leaves the walls of the lymphatics, but enough 
remains to identify the position of the individual vessels. 

If injection of the blood capillaries accompanies that of the lymphatics 
it is well to use a pump delivering an acacia-graphite mass following per- 
fusion of the capillaries with an acacia serum perfusate. Our technique in 
this matter—in observation and photography—followed that described 
by Drinker (1927). 

OxsERVATIONS. When one first sees the vitally injected web lymphatics 
it is difficult to believe the mass has not simply dissected its way through 


paths of least resistance in the loose alveolar tissue bet ween the upper and 


lower layers of web epithelium. But it is easy to prove that one deals 
with a highly complicated plexus of closed tubes. Figure 1 shows that if 
the non-sticking acacia-graphite mass is injected and a field, A, photo- 
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graphed, the mass will entirely leave the web as shown in B and then the 
same vascular pattern appears when a second injection, C, is made. If the 
injection pressure is extremely high the mass is forced out of vessels and 
islets of graphite are left when the pressure is removed and the mass 

permitted to run out. 
The entire absence of injection mass caught in the tissues is evident in 
B and in C there is an exact reproduction of the lymphatic network origi- 
nally injected in A. These findings are in- 


z i those offered by a system of closed tubes 


The lymph capillaries lie in the center of 


‘ the alveolar tissue of the web. Above and 


i] 7 consistent with any group of pathways suve 
47 


below them are the two groups of blood 
vessels. In figure 2, a cross-section of the web 
cut parallel to and 0.5mm. from the free edge, 
3 lymphatie capillaries, L, L, L, are seen 
Blood capillaries are found on both sides and 
usually close to the lymphaties. The lym- 


Ges 


Fig. 3 


Fig. 2. Camera lucida drawing section frog web 0.5 mm. from and parallel to free 
edge. Lymphaties L,L,L. Black masses immediately under the epithelium are 
melanophores. X 100. 

Fig. 3. Tracing made from photomicrograph of the web about 0.5 mm. from free 
margin. Lymphaties gray, dorsal capillary plexus black, plantar capillary plexus 


omitted. Rectangle equals 0.74sq. mm. of web. 45 


phaties in this section were filled to distention by a graphite-plasma in- 
jection of which strands of fibrin with graphite sticking to them remain 
after fixation, section and staining. When high powers are used it is easy 
to make out an endothelial wall in these lymphaties, and with exceptional 
good fortune this can be traced unbrokenly around the vessel. The close 
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relation of blood and lymph capillaries cannot be appreciated without 
viewing a normally circulated web in which the lymphaties are filled with 
an adherent plasma-graphite injection mass. The two groups of vessels 
are in direct contact at many points. If the lymphaties are overfilled 
with injection mass the circulation in the blood capillaries may be arrested 
and similarly if after injection of the lymphaties the blood vessels are 
thoroughly filled, but below the point of causing ruptures, much of the 
lymphatic mass may be pressed out. 

Figure 3 is a tracing made from a photomicrograph of the injected lymph 
capillaries and the dorsal set of blood capillaries. The lymphaties are not 
abnormally distended. The area covered by the rectangle equals 0.745 
square millimeter of the web, and is taken from a point about 0.75 mm. 
from the web margin. It contains the entire lymphatic supply and one 
blood capillary plexus. A second similar set of blood vessels, the plantar 
group, underlies the lymphatics. From this illustration it is possible to 
get a rough idea of lymph capillary and blood capillary areas in a given 
block of tissue. When the lymphatic meshwork was traced, cut out and 
weighed, a figure, 0.6399 gram, was obtained. A cut-out of the dorsal 
capillary plexus weighed 0.3133 gram. This figure must be multiplied by 
2 in order to account for the plantar capillaries, which gives 0.6266 gram. 
There is a striking similarity of area. In another region, where there was 
no suggestion of lymphatic rupture, but where distention certainly existed, 
the lymphatic figure, for a given area, was 0.1507 gram and the correspond- 
ing blood vessel figure 0.0880 gram. These findings assume that the 
lymphatics are cylindrical, which is probably true in the injected condition. 
In the normal web they are certainly flattened ovals which tend on filling 
to become cylindrical. The lymphatic capillaries are astonishingly dis- 
tensible. In preparations such as those shown in figure 1, one may increase 
the injecting pressure and observe lymphatics with an initial diameter of 
70 » become a third wider, but this distention need not be attended by 
leakage of particles. Under normal circumstances the endothelial coat 
of these vessels is extremely thin. When stretched it must reach an ex- 
treme degree of tenuity, but stretching does not produce definite openings 


unless very excessive. In a former paper (1931) as an explanation of the 
ase with which lymphatics are entered, the authors remarked: 


We are inclined to believe that motion or massage, any movement of the tissue in 
which they exist, causes the lymphatics to lose their anatomical integrity of wall and 
to become continuous with the tissue spaces. Lymphatic capillaries possess an 
extreme tenuity of wall and if attached on the outside to surrounding structures 
might readily be pulled open on motion of the part and yet in entire quiescence exist 
as closed tubes. In order to explain the ready entrance of particles, of solutions 
containing protein, and so forth, into the lymphatics, we have thus postulated a 
state of affairs for lymphatics in general not different from that actually described 
by MacCallum (1903) for the diaphragmatic lymphatics. 
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This conception of the formation of actual stomata is out of accord with 
our observations on the web of the frog, and with many experiments on 
the subcutaneous lymphatics in the foot of the dog. Material entering 
lymphatics, except in the diaphragm, apparently invariably passes through 
a membrane and cannot take advantage of openings into the tissue spaces 
since such openings do not exist. If one has injected lymphatics under 
observation and gradually increases the injecting pressure, the vessels 
increase slowly in diameter and finally rupture. There is no escape 
through a system of preformed clefts in the wall or at many points between 
cells. Material leaves the lymphatics in spurts which appear at random 
in the web. A point at present entirely inexplicable to us is the fact that 
graphite particles, placed outside lym- 
phaties, begin to enter them at once 
if the part is massaged or moved, or if 
there is a heavy drift of fluid into the 
lymphatics, as occurs in the early 
stages of inflammation swelling. Yet 
if graphite in an artificial lymph is in- 
jected into lymphaties, the particles 
are not forced through the wall when 
the pressure is raised. They get out- 
side when a definite rupture occurs, 
the accident having exactly the same 
appearance as a capillary hemorrhage. 
Figures 4 and 5 show something of 
the delicacy of the lymph capillaries 
in the web. There is no suggestion 
of structure beyond the ill-defined liv- 
ing membrane, nothing capable of Fig. 4. Silver nitrate preparation 
causing spontaneous contraction or 
relaxation. In many experiments we 
have watched the lymphaties during the entire day, making repeated 
photographs of the same area, and have traced the lymphatic outlines from 
Over long periods of time the diameter of individual 


of the web lymphatics x 43} 


these photographs. 
vessels occasionally changed slightly, but these changes were so slow as 
to be inconsistent with a spontaneous process of contraction. Mechanical 
stimulation, faradization, and heavy intravenous injections of adrenin, 
were all ineffectual in causing change in diameter. That the adrenin left 
the blood capillaries and reached the walls of the lymphatics was shown 
by contraction of melanophores lying directly over the latter vessels 
melanophores in the position of the two seen in figure 5. 

Our entire failure to obtain evidence of contractile powers on the part 
of the lymphatie endothelium contrasts with certain of the experiences 
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summarized by Carleton and Florey (1927) in a paper which combines tric 
their direct physiological and histological observations upon the lacteals | cac 
of a variety of animals. They remark, ) wh 
: 
bri 
One species—the squirrel—has a very scanty supply of smooth muscle. It is i the 
only in vessels above 3004 that any can be detected. In the smaller lacteals of the ‘ 
cat also no smooth muscle can be found. These vessels have been seen to contract S1Z 
when stimulated by a strong faradic current or mechanically. It must be confessed It 
that neither of these stimuli are physiological, and that the vessels without muscle lyr 
nuclei do not contract to such drugs as adrenalin or pituitrin. Nevertheless, it if 
would appear that one is dealing with vessels which are capable of contraction, Th 
su 
° op 
pa 
in 
m 
p 
ir 
C 
Fig. 5. Silver nitrate preparation of part of a web lymphatic. x 600 
though possessed only of an endothelial wall. There can be no question of the ] 
presence of such cells as the Rouget type to account for contraction. Smooth I 
muscle, after the most careful search, has not been found. 
Lieben’s observations (1910) on contraction of lacteals in the mouse and 


rat apparently are confined to vessels containing smooth muscle. Tarcha- 
noff (1874) reported that lymphatics in the frog’s web underwent the same 
sort of narrowing when stimulated electrically as did the blood capillaries. 
This narrowing Tarchanoff described as due to the swelling of cells at differ- 
ent points in the wall, and in addition to this there was a general reduction 
in lumen which he was unable to explain. His observations are the only 
ones describing spontaneous contraction of lymphatics other than those in 
the mesentery. Again, as in the case of Carleton and Florey, strong elec- 
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trical stimulation was required. We have found faradization just as ineffi- 
cacious as other forms of stimulation, and have tested it in preparations 
which would certainly have displayed change in size were it possible to 
bring this about. It is our conviction that under normal circumstances 
the finest lymphatics, those possessing no lining save endothelium, change 
size passively in response to changes occurring in the surrounding tissues. 
It is the usual idea that edema of a part must cause compression of 
lymphatics. This is not the case. It would be so in the web of the frog 
if during edema formation the part was inclosed in a rigid plaster matrix. 
Then increase in intercellular fluid would close off yielding structures 
such as the lymphatics. But if the part swells freely the lymphatics are 
opened. They are simply endothelial-lined clefts between the cells of the 
part dilated with the oversupply of fluid in the part. 


SUMMARY 


1. New methods are described for vital injection of the lymph capillaries 
in the web of the frog. 

2. The surface areas ¢, mph and blood capillaries are found to be 
much the same. ‘al #” 

3. No evidence couliwhé >tained indicating spontaneous contractile 
power in the lymph capi is dothelium. 

4. The lymph capillaries a1 pable of showing changes in calibre, but 
in normal life these are brought about passively. 

5. There is no evidence of normal clefts or stomata in the lymph capil- 
lary walls. 
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We have previously described! the production of active corpus iuteum 
extracts which, when injected into adult castrated rabbits, cause the pro- 
duction of progestational proliferation of the uterus, and when injected 
into mated animals castrated eighteen hours after mating, will maintain 
pregnancy to term. The active substance responsible for this we have 
named progestin, since that name seems to bes‘ desscribe its physiological 
properties. We have also shown that this swst<ance has practically no 
effect on the immature rabbit’s uterus, unkss the uterus has first been 
brought into a state of maturity by the preliminary injection of small 
amounts of oestrin.2, These observations have been confirmed by Clauberg 
(1930 a, b, c), Fels (1931), Hisaw and Leonard (1930), Robson and Illing- 
worth (1931), and Fremery, Luchs and Tausk (1931). 

It has also been shown by Hisaw (1929) that for corpus luteum extracts 
to relax effectively the guinea pig’s symphysis the pigs must be either in 
natural or artificially produced heat. The substance responsible for this 
relaxation has been named relaxin and has been shown to be different 
chemically from progestin in that it is ether insoluble. Hisaw and Leonard 
(1930) have also made the observation that progestin has no effect on 
rabbits which have been castrated for some time, and furthermore, that 
doses of oestrin sufficient to keep the animal in heat will inhibit the effect 


1 Previous papers of this series are listed in the bibliography as follows: I, Corner, 
1928; II, Corner and W. M. Allen, 1929; III, Allen, W. M. and Corner, 1929; IV, 
Goldstein and Tatelbaum, 1929; V, W. M. Allen, 1930a; VI, W. M. Allen, 1930b; VII, 
Allen, W. M. and Corner, 1930. 

2 Throughout this paper the use of the word oestrin will be used when speaking in 
general of the oestrogenic hormone. This general term seems to best describe this 
hormone and should be more widely used. Menformon (Laqueur, Dingemanse and 
Kober, 1930), Theelin (Thayer, Veler and Doisy, 1930) and Progynon (Butenandt, 
1929) are terms used by these investigators to designate the crystalline oestrogenic 
hormone which each has independently isolated. Other proprietary names for the 
same hormone in less purified state are, Amniotin and Estrogen. 
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of progestin. These seem to have been isolated observations and do not 
contain definite information regarding quantitative relationships bet ween 
oestrin and progestin. On the other hand, Courrier (1928, 1930) has shown 
that in the normal, pregnant rabbit large doses of oestrin will prevent the 
development of proliferation and the normal growth of the embryos if 
given during the first five to six days after mating. If the injections are 
made from the sixth to eleventh day, proliferation is not affected but the 
embryos are lost. 

Others have shown also that oestrin injections during pregnancy will 
cause abortion or resorption of embryos. (Rat (Smith, 1926); guinea pig 
(Kelly, 1931); mouse (Parkes and Bellerby, 1926).) 

All of these observations seem to indicate that oestrin when given in 
large amounts may have a detrimental effect on the continuance of normal 
pregnancy and suggest that this effect may be due to interference with the 
activity of the corpus luteum. It seems necessary, therefore, to investigate 
the interrelationship of oestrin with progestin, since if oestrin inhibits the 
action of progestin it makes invalid any tests for the presence of the latter 
in oestrin-containing extracts such as human placenta or pregnant urine. 
It is quite essential from both the physiological and the economic stand- 
points to find out whether there are sources for progestin other than the 
corpus luteum. 

In the experiments to be described subsequently the unit of oestrin* 
used for all extracts, with the exception of the Estrogen given to X-337 
and X-350, was the minimum amount necessary to bring approximately 
50 per cent of 20 castrated rats into full heat as determined by vaginal 
cornification, following three injections spaced 12 hours apart. With the 
exception of rabbit X-350 all rabbits in the first group were injected with 
the same extract of oestrin; thus making the difference between the two 
groups significant. The unit used in the standardization of the Estrogen 
was the minimum amount necessary to bring 3 of 4 castrated rats into full 
heat when given 3 injections spaced 12 hours apart. The unit of progestin 
has been previously defined (Allen, 1930a). It is the minimum amount 
which produces a +++ or +++4 proliferation in the adult female 
rabbit castrated the day following mating, and injected for 5 days, the 
first injection being made on the day of castration and autopsy being 
performed on the 6th day after mating and one day after the last injection. 

The first part of the investigation was carried out to ascertain whether 
oestrin will inhibit the action of progestin-containing extracts as deter- 
mined by microscopical study of the endometrium. In table 1 are recorded 
the results found from the injection of oestrin into normal rabbits (X-350, 
X-375, X-376) during the first five or six days of pregnancy and those 

3 The Estrogen and the Theelin were furnished by Parke, Davis & Co. The 
Amniotin was supplied by Dr. J. F. Anderson of Squibb & Co. 


| 
| 
| 
| 
| 
| 


652 WILLARD M. ALLEN 


obtained by injection of oestrin plus 3 rabbit units of progestin over a 
period of five days into rabbits, castrated 18 hours after mating (X-362, 
X-373, X-382). In all cases autopsy was performed the day after the 
last injection was made. 

It is seen immediately that a dose of oestrin (675 r.u.) when combined 
with three times the minimal dose of progestin prevents the development 
of proliferation but that the same dose of oestrin does not inhibit completely 
the occurrence of proliferation in the normal, mated rabbit. It should 
be stated that three times the minimal dose of progestin necessary to 
produce a +++ proliferation will always produce complete proliferation 
in the adult recently castrated rabbit. This dose of oestrin, even though 


TABLE 1 
Effect of oestrin in early pregnancy compared with the effect of oestrin plus progestin 
in castrates 


RABBIT TYPE AND AMOUNT OF EXTRACT DURATION OF | RESULTANT 


NUMBER USED TREATMENT | PROLIFERATION seats 


X-350 | 400 r.u. Estrogen 2-6 da. p.c. | ++++** | 2 abnormal 
X-375 | 675 r.u. oestrint from 1-5 da. p.c. ++ 4- | None 
preg. urine 
X-376 | 675 r.u. oestrin from | 1-5 da. p.c. +++ | None 
| preg. urine | 

X-362 | 675 r.u. oestrin.* 3 | 1-5 da. p.c. | None (conges- | None 
rabbit units progestin| | tion) 
| Same as X-362 _ None (much | None 
congestion) 
X-382 | Same as X-362 | Same as X-362 | None (much | None 
| congestion) 


X-373 | Same as X-362 


* Castrated 14-18 hours after mating. 

t Made in this laboratory by extracting the urine of pregnant women with benzene. 

** For illustrations showing the standard degrees of proliferation as indicated by 
these signs, see W. M. Allen, This Journal 1930a. 

p.c.—post coitus. 

r.u.—rat units. 


not sufficient to prevent the natural occurrence of proliferation does affect 
the embryos, for in two cases none were found and in the third case where 
400 r.u. were given but two abnormal ones were found. This group of 
experiments indicates that oestrin will definitely prevent the action of 
potent corpus luteum extracts which contain progestin, and that the dose 
necessary to inhibit three rabbit units of progestin is not enough to inhibit 
completely the activity of the progestin produced by the rabbit’s own 
corpora lutea. The loss of embryos in those receiving both progestin and 
oestrin cannot be logically explained either by the lack of proliferation or 
the surgical trauma due to the é6ophorectomy, since in the routine testing 
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of corpus luteum extracts (Corner and Allen, 1929; Allen, 1930a), where 
ordinary care is taken during the operation, normal embryos are obtained 
if the extract is active, and degenerated ones if the extract is inactive. It 
is even more difficult to explain their loss in those treated only with oestrin, 
for in these cases there was no operation and proliferation was present at 
autopsy. 

The results obtained from this group agree essentially with the finding 
of Tausk, de Fremery and Luchs (1931) that 980 mouse units of Menformon 
inhibited completely one rabbit unit of progestin.‘ Actual comparisons 
cannot be made, however, because their rabbit unit is based on standardiza- 
tions using immature rabbits previously treated with Menformon as 
devised by Clauberg (1930c), and because the Menformon was standard- 
ized as mouse units rather than rat units. The observations, regardless of 
unimportant differences in the method of standardization, indicate that 
progestin can be inhibited by extracts containing oestrin. They also 
state that they have been unable with the doses given to inhibit the 
action of the corpus luteum in the normal pseudopregnant animal. 

Summary. The ability of 3 rabbit units of progestin to produce pro- 
gestational proliferation in the castrated rabbit is completely inhibited by 
the simultaneous injection of 675 r.u. of oestrin. The same dose of oestrin 
given to a normal rabbit during the first five days after mating is insuffi- 
cient to prevent the proliferation produced by the rabbit’s own cor- 
pora lutea. 

The next step was to determine whether the proliferation produced in 
the normal rabbit by action of her own corpora lutea could be overcome 
by larger doses of oestrin than those given to rabbits X-350, X-375, X-376. 
It seemed quite probable that such would be possible and while this work 
was being done Courrier (1930) published observations showing that doses 
of 500-700 r.u. given during the first five days after mating would prevent 
the development of proliferation. Previously (1928) he had shown that 
doses of 230 r.u. given from the fifth to eleventh day had no effect on the 
proliferation but did cause the disappearance of the embryos. 

Preliminary observations showed that 750 r.u. of oestrin given during 
the first five days after mating prevented the development of proliferation, 

but injection during the next five days did not destroy the proliferation 
which was already present at the time when injections were started. These 


4 These findings are in agreement with the recent work of Leonard, Hisaw and 
Fevold (This Journal, 1932,c, 111). Their paper appeared after the author’s manu- 
script was sent to the publisher so that it could not be discussed in the body of the 
paper. They found that 25 r. u. of Theelin inhibited completely 1 rabbit unit of 
progestin but that 2, 34,5} rabbit units respectively were not completely inhibited 
by this amount of Theelin. This work together with that of the author confirms 
and extends that of Tausk, de Fremery and Luchs (1931). 
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experiments directly confirmed those of Courrier and immediately sug- 
gested the further investigation of the subject to ascertain what was 
actually happening in both uterus and ovaries, especially with reference 
to the corpora lutea in those injected during the first five days and to the 
embryos in those injected during the next five days. 

In this group of experiments (table 2) animals were injected with from 
80 to 1000 rat units of oestrin. In the first five (X-337, X-350. X-375, 
X-376, X-619) injections were made during the first five days after mating 
(except X-350 which was injected from the second to sixth days inclusive) 


TABLE 2 
Effect of oestrin in the first few days of pregnancy 


RABBIT | PERIOD OF | TOTAL DOSAGE . . | PROLIF- | 
NUMBER INJECTIONS OESTRIN GIVEN ULTIMATE DISPOSAL ERATION | REMARKS 


X-337| 1-5 da. p.c.| 80 r.u. Es- | Autopsy 6 da. p.c. | +++ | 
| trogen 
X-350) 2-6 da. p.c.| 400 r.u. Es- 
| trogen 
X-619) 1-5 da. p.c.| 500 ru. c | 1 large implanta- 
X-375) 1-5 da. p.c.| 675r.u. oes- | Autopsy 6 da. p.c. | hoe Congestion 
trin* 
X-376| 1-5 da. p.c.| 675r.u. oes- | Autopsy 6 da. p.c. | +++ | Congestion 
trin* 
X-604| 2-5 da. p.c.| 700r.u. Am-| Autopsy 6 da. p.c. + | Congestion 
niotin 
X-398) 1-5 da. p.c.| 750 r.u.{| Biopsy 6 da. p.c. | None | Congestion 
| Theelin || Autopsy 13 da. p.c.| None | No necrosis 
X-606; 1-5 da. p.c.| 1,000 _r.u. | Autopsy 6 da. p.c. | None | Marked congestion 
| Amniotin | | No necrosis 
X-614| 1-5 da. p.c.| 1,000 _r.u.{| Biopsy 6 da. p.c. | None | Marked congestion 
| | Theelin || Autopsy 10 da. p.c.| None | No necrosis 


* Made from the urine of pregnant women. 


and autopsy or biopsy was performed the day following the last injection. 
In each of these five cases normal proliferation and corpora lutea of normal 
appearance were present. No embryos at all were found in X-337, X-375, 
and X-376 and in X-350 two abnormal ones (3 times normal size with 
abnormal-looking embryonic areas) were found. In X-619 at autopsy 
on the 10th day there was one large (1.5 em.) implantation site which upon 
section was found to have a normal placenta but an embryo with large 
blastocystic cavity. Injections were made in the remaining animals of 
this group during the same period of time but larger doses were given (700- 
1000 r.u.). Animals X-604 and X-606 were autopsied on the sixth day 
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and no proliferation was found, embryos were absent and normal corpora 
lutea were present in the ovary. Since in these two animals normal pro- 
liferation was absent even though the corpora lutea appeared normal both 
grossly and microscopically, the next two animals (X-614, X-398) were 
submitted to laparotomy on the sixth day and one ovary and a biopsy of 
the uterus removed. Autopsy on these was then delayed until the tenth 
day in order to ascertain whether the normal appearing corpora lutea 
present in the remaining ovary might not cause the production of prolifera- 
tion from the 6th to the 10th day after the injections of oestrin were dis- 
continued. Such was not the case,for at autopsy the uteri of both showed 
no proliferation even though the remaining ovary in each contained numer- 
ous corpora lutea which appeared normal both in gross and on microscopic 
study. Furthermore, there was no tissue-necrosis, thus differentiating 
them from those injected from the 5th to 9th days as will be described 
subsequently. 

The uteri of all animals in this group in which the dose was large enough 
to prevent the development of proliferation showed marked congestion 
and were of a dark purple color, when observed in the fresh state. With 
the larger doses of oestrin the congestion was so extreme that the uterus 
was almost as blue as venous blood. The congestion was limited to the 
uterus and to a lesser extent the vulva. The ovarian and tubal vessels 
were not engorged, and the distinction between uterus and cervix was well 
demarcated, the cervix being of normal, pink color. Microscopically, 
there was extreme dilatation of the endometrial vessels, especially those 
immediately below the epithelium. In no case was there any tissue- 
necrosis, blood in the lumen or definite evidence of true extravasation. 
These findings are in contrast to those of Clauberg (1930c) who found extra- 
vasation in immature rabbits treated with menformon (350 mouse units 
in 20 days), but the experiments are not directly comparable. 

Summary. In this group, therefore, oestrin when given in large enough 
doses (1000 r.u.) during the first five or six days after mating, prevented 
the development of proliferation and caused the disappearance of the 
embryos but did not prevent the development of normal-looking corpora 
lutea. Furthermore, even though the corpora persisted in the normal 
state from the fifth to tenth day, no proliferation was produced after its 
development had been prevented by the injection of oestrin. 

The next group of animals (table 3) was injected with doses of oestrin 
comparable to those given in X-398, X-604, X-614 of the preceding group, 
with the difference that they were injected from the fifth to the ninth day 
after mating and were autopsied on the tenth day. In fact, these animals 
were injected in paired experiments, i.e., X-398 and X-600 were injected 
from the same lot of Theelin and at the same time; X-606 and X-610 from 
the same lot of Amniotin, ete. They were conducted in this manner to 
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eliminate as far as possible indeterminable variations and to make the 
results obtained in those injected during the first five days all the more 
comparable with the results from those injected during the second five days. 

In X-600, which received 750 r.u. of Theelin, there were 3 uterine en- 
largements, one of which upon serial section showed typical development 
of the two endometrial folds adjacent to the mesometrium, with character- 
istic changes in the superficial epithelium and perivascular regions. (See 
the plates of Duval (1892) for normals.) Embryonic structures were 
absent and there was extreme vacuolar degeneration and nuclear shrivelling 
in the perivascular regions, but no disintegration of the endometrium. 
Between the implantation sites the proliferation appeared to be identical 
with that of a 13-day pregnancy or pseudopregnancy. In X-610 and 


TABLE 3 
Effect of oestrin during the first five days of pregnancy compared with the effect of similar 
doses in the second five days 


RABBIT PERIOD OF | TOTAL DOSAGE PROLIF- 
SPOS | Ss 
NUMBER INJECTIONS OESTRIN GIVEN a ERATION REMARE 


X-398) 1-5 da. p.c.| 750 r.u.}| Biopsy 6 da. p.c. None | Cong. no necrosis 
| | Theelin \| Autopsy 13 da. p.c.| None | No necrosis 
X-600| 5-9 da. p.c.| 750 r.u. | Autopsy 10 da. p.c.. +++) Dead embryos 
| Theelin | Path. placentae 
X-606| 1-5 da. p.c.| 1,000 _r.u. | Autopsy 6 da. p.c. | None | Cong. no necrosis 
Amniotin 
X-610) 5-9 da. p.c.| 1,000 r.u. | Autopsy 10 da. p.c.| Some | Muchnecrosis, path. 
Amniotin | placentae, dead 
| embryos 
None | Cong. no necrosis 
None | No necrosis 


X-614) 1-5 da. p.c.| 1,000 r.u./| Biopsy 6 da. p.c. 


Theelin Autopsy 10 da. p.c.| 
X-616| 5-9 da. p.c.| 1,000 r.u. Autopsy 10 da. p.c.| Some | Much necrosis 


X-616, which received 1000 r.u. each of Amniotin and Theelin respectively, 
there were numerous abnormally small implantation sites. Upon incising 
the uterus of each between the enlargements a thin, grayish-brown fluid 
exuded. Histological study of these specimens revealed a very striking 
picture. Extreme tissue-necrosis with actual sloughing of the endo- 
metrium was present in many places, and in the region of the implantation 
-sites such extensive congestion and degeneration were present that the 
placental structures were hardly recognizable (fig. 2). Between the enlarge- 
ments, where the degeneration was not too extensive, normal proliferation 
was still present in some places. The endometrial vessels were distended 
with blood, and in many there were definite, laminated thrombi (fig. 3). 
Despite these thrombi, there were very few regions in which extravasation 
of blood was found. In these latter two animals remnants of the embryos 


Fig. 1. Photograph of a section taken between placental sites of rabbi 
Note the degeneration of the glands and the debris in the lumen x 


Fig. 2. Photograph of a section through a placental site of rabbi 


placental site is completely degenerated, the entire endometrium is r 
lumen is filled with debris. The muscular layers are not involved. Dis. 

Fig. 3. Higher magnification of the same section as that shown in figure 1. Note 
the cellular debris, engorged venous sinuses, and the ante-mortem thrombus at arrow 
The diagonal white space through the section is not an artifact but the erypt of a 
gland, the epithelium of which has completely sloughed off. x 100 

Fig. 4. Photograph of a section of ovary from rabbit X-616 showing corpora lutea 
of normal size. X 5.5. 

Fig. 5. Higher magnification of section shown in figure 4. With ordinary hema- 
toxylin and eosin stains the cellular elements appear to be normal 

The rabbit from which all of these photomicrographs were made was injected with 
a total of 1000 rat units of Amniotin from the fifth to ninth days after mating. Au- 
topsy was performed on the tenth day, the day after the last injection. All injections 
were subcutaneous. 
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were still identifiable. The ovaries obtained from these animals all 
contained numerous corpora lutea which appeared normal both grossly 
and microscopically (figs. 4, 5). 

Summary. In this group the injection of 1000 r.u. of oestrin from the 
5th to 9th days after mating produced extensive degeneration of the 
endometrium and death of the embryos, but caused no cytological changes 
in the corpora lutea. 

From a comparison of X-606 and X-614, injected with 1000 r.u. during 
the first five days, and X-610 and X-616, injected with 1000 r.u. during 
the second five days, it is seen that 200 r.u. per day in the former caused 
extreme congestion and prevented the development of proliferation but 
produced no visible degenerative changes whereas the same daily dose 
in the latter caused extensive endometrial necrosis. The first gross dif- 


TABLE 4 


Effect of oestrin at other times during pregnancy 


RABBIT PERIOD OF TOTAL DOSAGE PROLIF- 
ULTIMATE DISPOSAL REMARKS 
NUMBER INJECTIONS OESTRIN GIVEN ERATION 


X-611 ‘ a. p.c. 600 r.u. Autopsy 6 da. p.e. Dead blastocysts 
Amniotin in one tube 
X-615 . ‘ .c. 600 r.u Biopsy 6 da. p.c. 
Theelin Autopsy 10 da. p.c. - No embryos 
400 r.u.| Biopsy 6 da. 
Theelin Autopsy 13 da. p.c. - | 2 embryos 
400 r.u.. Biopsy 6 da. p.c. No embryos, 
Amniotin Autopsy 13 da. p.c slight degen- 
eration 
750 r.u. Autopsy 27 da. p.c All fetuses dead 
Amniotin 


ference between the uteri of these two groups which comes to mind is that 
in the former, injections were begun before proliferation had appeared, 
whereas in the latter, proliferation (normally well developed at the fifth 


day) was already present when injections were started. It seemed worth- 
while therefore to inject animals with 200 r.u. per day for the first three 


days with biopsy or autopsy on the sixth day to see how long it is necessary 
to give oestrin to prevent development of proliferation. Consequently, 
X-611 and X-615 (table 4) were injected with 200 r.u. daily of Amniotin 
and of Theelin respectively, for the first three days following mating. 
X-611 was autopsied on the 6th day. The uterus was found to be normally 
proliferated and the ovaries to contain normal corpora lutea. No embryos 
were found in the uterus (where they should be on the 6th day) but from 
one tube several small, undeveloped embryos were obtained. X-615 was 
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submitted to laparotomy on the 6th day and one ovary and a segment of 
the corresponding cornu were excised, care being taken not to disturb the 
other ovary or cornu. At autopsy on the 10th day no implantation sites | 
were present in either cornu. Both the ovary removed on the 6th day 
and the one obtained at autopsy on the 10th day contained normal corpora 
lutea. The uterus likewise showed slightly subnormal proliferation at | 


both times. 

From these and preceding experiments it is seen that 200 r.u. per day 
for the first three days after mating does not prevent proliferation, whereas 
200 r.u. per day for the first five days does prevent proliferation. The 
next two animals (X-625, X-626) (table 4) were injected with 200 r.u. daily 
of Theelin and Amniotin respectively on the 4th and 5th days after mating. 
They were both submitted to laparotomy on the 6th day and a segment of 
uterus was excised. Normal appearing corpora were observed in both 
ovaries. The endometrium of one (X-626) showed slight degeneration 
with sloughing of the epithelium but without hemorrhage. At autopsy 
on the 13th day the uterus of one (X-625) contained 2 apparently normal 
implantation sites. In this one normal proliferation was present and the 


corpora lutea were normal. 
Summary. Injection of 200 r.u. daily of oestrin for the first three days | 
after mating does not prevent the development of proliferation but does | 
cause disappearance of the embryos. Injection of 200 r.u. daily on 
the 4th and 5th days after mating produces slight degenerative changes 
in the proliferated endometrium. | 
| 


An incidental experiment was the injection of 750 r.u. over a period of 
5 days of Amniotin to one rabbit (X-605) beginning at about the 20-22 
day of pregnancy. Autopsy the day after the last injection showed that 
all fetuses were dead and that death was due to separation of the placentae. 
Microscopical study of the placentae revealed extensive infarct formation 


and necrosis. 

Discussion. The fact that only moderate doses of oestrin (675 r.u.) 
completely inhibit the ability of progestin to produce proliferation is of 
considerable importance in that it makes the assay of extracts for progestin 
invalid if they contain similar amounts of oestrin (table 1). For example, 
if, in the assay of a liter of urine for progestin, as much as three rabbit units 
of progestin were present, its presence could not be detected without first 
removing the oestrin, because this amount of urine might be expected to 
contain 1000 r.u., enough to inhibit the progestin. For this reason obser- 
vations that the placenta contains no progestin are not proof necessarily 
that there is none there. In fact, in our original publication giving a 
method of preparation of an active substance from the corpus luteum, | 
(Corner, G. W. and W. M. Allen, 1929) we stated that we had been unable 
to produce active extracts from the placenta but felt that possibly there 
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might be an inhibitory action of the oestrin present on the progestational 
substance (progestin). Fellner (1913) indicates that he was able to 
produce proliferation in some of his immature rabbits with placental 
extracts. However, the proliferation might have been due to the rabbits’ 
own ovaries since the method of preparing the extract (warm saline) given 
to the animal from which the illustration was made does not preclude the 
possibility of the extract containing so-called ‘anterior lobe” hormones. 
The converse of the effect of oestrin on the assay of progestin, i.e., the 
effect of progestin on the assay of oestrin, has been worked out by Angelvitz 
and Sterling (1930). They found that the injection of 1 rabbit unit of 
progestin had no appreciable effect on the standardfzation of oestrin- 
containing compounds. 

Little significance probably can be attached to the observation that it 
takes more oestrin to inhibit the development of proliferation by the 
rabbit’s own corpus luteum than it does to inhibit that produced by an 
extract containing progestin, since it seems quite likely that progestin 
produced by the rabbit’s own corpora may be more readily available to 
the uterus than progestin injected subcutaneously in an oily medium. 

With regard to the effect of oestrin on the corpora lutea, it need only 
be said that even with doses sufficient to prevent completely the develop- 
ment of proliferation, the corpora lutea grew to normal size and by ordinary 
hematoxylin and eosin stains appeared to be normal microscopically. 
These observations are in accord with those of Kelly (1931), who found no 
microscopical abnormalities in the ovaries of pregnant guinea pigs injected 
with as much as 600 r.u. of oestrin even though this dose caused placental 
degeneration and death of the fetuses. Courrier (1930) using rabbits 
also found no changes in the corpora with doses of 500-700 r.u. However, 
the fact that they appear normal does not necessarily mean that they are 
functional. Deanesly (1931) has shown that injections into pseudo preg- 
nant mice of 3-10 mouse units of oestrin over a period of 36 hours during 
the first half of pseudo pregnancy causes variable changes in the lipoidal 
deposits stainable with osmic acid. 

It seems quite likely that the doses given are far in excess of those found 
in the normal rabbit at any time. The fact that proliferation can be pre- 
vented and also that actual endometrial necrosis and placental degenera- 
tion can be produced by oestrin without producing any demonstrable 
change in the corpus luteum indicates that these changes have no counter- 
part in the normal cycle, for, in the normal animal, when proliferation dis- 


appears at the end of pseudopregnancy it is accompanied by cytological 
signs of regression such as vacuolar changes in the cytoplasm of the corpora 
lutea. The significance of the endometrial necrosis produced in those 
(X-610; X-616) injected from the 5th to 9th days is dubious. Bleeding 
has been produced in the castrated dog during injections of oestrin (Kunde 
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et al., 1930; Meyer and Saiki, 1931) and menstruation-like bleeding occurs 
in the castrated monkey following the cessation of oestrin injections, but 
in these two animals similar phenomena are observed at definite times 
during the normal cycle. In the rabbit,’ however, no such phenomena are 
observed at any time during the cycle. The observations therefore cannot 
be interpreted as representing any phase of the normal cycle. It is of 
interest that a dose of 200 r.u. per day for 5 days causes necrosis of endo- 
metrium when given from the 5th to 10th days, whereas, when given during 
the first 5 days it seems to have no such effect, the result during that time 
being congestion and prevention of proliferation. Why should the same 
dose cause such different responses at such closely related times of the 
cycle? It would seem that to produce this necrosis the uterus must be 
proliferated, and therefore that progestin may have some role. If it be 
due to toxicity then Theelin in large enough doses is a toxie drug with its 
toxicity probably localized chiefly on the uterus. This result can not 
reasonably be assigned to impurities since Theelin is a crystalline chemical 
compound and 1000 r.u. weigh only about 0.3 mgm. (3000 r.u. per milli- 
gram, Thayer, Veler and Doisy, 1930). 

The mechanism by which the oestrin causes the death of the embryos 
in these experiments is obvious in all those cases where the doses were 
sufficient to prevent the development of proliferation or to cause patho- 
logical changes in the placentae. In these cases their death may reason- 
ably be attributed to faulty nutrition. However, the absence of embryos 
in those animals in which the dose of oestrin given caused neither the ab- 
sence of proliferation or endometrial necrosis is not so readily explained. 
It is more than likely that failure of implantation may be obtained with 
much smaller doses of oestrin than those given but this phase of the prob- 
lem has not been studied as yet in the rabbit. Kelly (1931) has shown 
that oestrin (75-150 r.u.) given to the guinea pig in early pregnancy (12-17 
days) regularly caused abortion and that doses of as little as 10 r.u. 
given during first 2 days after mating caused failure of conception. The 
prevention of conception is not likely to be due to any failure of the corpus 
luteum since in the rabbit as above mentioned proliferation is normally 
present and yet the embryos are lost. 

The important observations of Reynolds (1931la, 1931b), however, give 
a possible explanation. He has found that normally at oestrus the uterus 
exhibits marked rhythmical contractions and that oestrin injections of as 
little as 2 r.u. per kilogram of body-weight cause increased motility of the 
uterus when given to a recently castrated rabbit. (The observations were 
made by means of intravitam balloon studies on uterine fistulae.) Even 
moderate doses, therefore, may very likely cause sufficient motility to 


5 For a detailed study of reproduction in the rabbit see the monograph by Ham- 
mond and Marshall (1925). 


| 
| 
| 


662 WILLARD M. ALLEN 


prevent the normal passage of the ova through the tubes or to get them 
into the uterus too soon (before proliferation has developed). However, 
in the pseudopregnant rabbit the uterus begins to lose its reactivity to oes- 
trin quite early and during the period from the third or fourth to fourteenth 
days it is non-reactive to as much as 1090 r.u. of Theelin per kilogram of 
body weight. The ready ease with which pregnancy can be terminated 
in the first few hours or days perhaps can be explained on increased or 
abnormal motility of the uterus. Abnormal motility, however, probably 
cannot be used as an explanation later in pregnancy, but at this time such 
an explanation is unnecessary because with big enough doses recognizable, 
cytological changes of a degenerative type are evident in the uterus. 
CONCLUSIONS 

1. Active progestin-containing extracts lose their ability to produce 
progestational proliferation in the castrated rabbit’s uterus when they 
are given simultaneously with sufficient amounts of oestrin; 675 r.u. of 
oestrin inhibit completely 3 rabbit units of progestin. 

2. Large doses of oestrin (1000 r.u.) given during the first 5 days after 
mating prevent the development of proliferation but do not prevent the 
development of normal appearing corpora lutea. 

3. Large doses of oestrin (1000 r.u.) given during the second five days 
after mating cause extensive endometrial degeneration with sloughing of 
the endometrium, but produce no demonstrable changes in the corpora 
lutea. The placentae start to form but are very abnormal. 
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A description of the mechanics of drainage of the frontal sinus of a dog 
is presented in this paper. It is the third of a series on the physiology of 
the nose and sinuses. A general description as to this method of drainage 
was given in a previous contribution, but the details had not been worked 
out at that time. The results cannot be directly applied with certainty 
to the sinuses of man, but it is highly probable that the principles of drain- 
age are very similar. 

Very few studies of this nature seem to have been made. Lucas (1931) 
made some observations on the maxillary sinuses of the monkey (Macacus 
rhesus). He reported the presence of spiral drainage similar to that found 
in sinuses of the dogs used in the present study. Yates (1924) made ob- 
servations on the effects of different types of secretion on ciliary activity. 

Twenty-seven dogs were used in my experiments. The sinuses of most 
of the animals were opened for inspection six or eight times. Not all the 
tests were made in both sinuses at the time of every operation on each dog. 
That would have required several hours of anesthesia each time. Instead, 
a few data at a time were obtained from each dog, as convenient. 

DeEscRIPTION OF stNus. The frontal sinuses of different dogs vary 
greatly in size and shape. In general the volume is 5 to 7 ce. A sinus is 
roughly oval in shape, with the ostium at the anterior end (fig. 1). Each 
sinus is separated from its fellow of the opposite side by a septum which 
makes the mesial wall of both straight for a distance. Usually there is a 
more or less prominent, approximately horizontal ridge in about the same 
plane as the plane of the frontal bone that divides the sinus into a more 
superficial, larger chamber, and a smaller, deeper chamber. The latter 
may be very deep and somewhat funnel-shaped. The ostium lies rather 
high in the more superficial chamber. In the tests, the time required to 
move material out of the sinus, up the steep slope from the bottom of the 
deep chamber to the ostium was measured (fig. 1). There are often 
several recesses in the posterior part of the superficial chamber that are 
formed by incomplete partitions. The roof is rather flat. Anteriorly, 

664 


DRAINAGE OF MUCUS IN ACCESSORY SINUSES 665 


there is a peculiar structure shaped like a leaf of a water-lily, that lies 
mesial to the ostium. It seems to originate in the ostium. It is extremely 
thin and is covered with epithelium on both sides. It usually lies flat 
against the wall, as though molded there. A very narrow edge is often 
turned up at right angles at the margin. An ethmoid sinus often pro- 
trudes into the anterior part of the frontal sinus, like a bulb. 

Tecunic. Ether was administered by tracheal tube. The standard 
operation which was used was simple. The frontal bone was laid bare 
through an incision in the median line, and the roofs of both sinuses were 
removed more or less completely by means of chisel and rongeur. 

The lines of drainage were studied by watching the movements of drops 
of India ink placed here and there on the interior surfaces of the sinuses. 
The rate of motion was determined by measuring the time required by 
the ink to traverse a distance of 2 mm., and dividing by 2. 

THE CILIA AND THE FILM OF Mucus. ‘The interior of the frontal sinus 
is, of course, lined by ciliated cuboidal epithelium. It is the codrdinated 
activity of these cilia that furnishes the force that drains the cavity. The 
epithelium produces a film of mucin that covers the surface. This film 
is like a secondary membrane that might be called a net of mucin. It is 
extremely thin, of rather high viscosity, very elastic, and has a certain 
amount of tensile strength. Knowledge of the characteristics of this net 
of mucin is essential to understanding of the drainage of the sinus. 

The film or net of mucin, pushed along by the cilia beneath, moves in 
toto in a circular or rather spiral manner. The lines and arrows in figure 
1 might give the impression that the mucin flows along only certain lines 
like a number of parallel streams. ‘This is not so, as the entire film moves 
at once but it flows much faster along certain lines. 

Traction plays a large part in the complete drainage of all the surfaces. 
There are always some areas in which the ciliary action seems sluggish. 
By denuding small areas, scars can be produced where there is no ciliary 
action. The film of mucin slides over such areas by means of traction. 
The cilia in the adjacent regions drag it along as a net might be dragged 
by one’s fingers. In this way the constant exchange of film of mucin is 
maintained over all surfaces. Gravity plays only an incidental part. 
The cilia drag the net upward seemingly as rapidly as downward (fig. 1). 
The normal film is too thin and too viscid to slide off vertical walls or drip 
from the under side of the roof. When a quantity of material with con- 
siderable depth is present, gravity plays a more important part, and in 
this particular sinus becomes a handicap. 

OBSERVATIONS. All the drops of ink placed within the sinus eventually 
made their exit through the ostium, but not always by the shortest route. 
Figure 1 represents a composite map of the movements of the drops of 
ink in all the sinuses studied. There were variations, but in general the 
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lines followed were very much as illustrated. Each drop placed in the 
anterior mesial area described an are that was a little less than one turn of a 
rather flat spiral. The lateral arm of the are of this spiral was generally 
higher than the mesial. In fact, the directions taken by some drops that 
stopped on the edge of the wound indicated that the course would normally 
have been across the under side of the roof had this been intact. In some 
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Fig. 1. Frontal sinus of dog sectioned in a plane parallel with the plane of the 
frontal bone. The arrows indicate the courses taken by drops of India ink placed at 
various points on the film of mucin that overlies the normal mucous membrane. In- 
set: Section in profile, demonstrating abrupt upward slope from deepest part of 
sinus, around the protruding ethmoid sinus (semicircular cavity in diagram). If 
the arrows were continued a little farther, they would make egress from the sinus 
through the ostium. This inset represents a section cut along an imaginary radial 
line, extending from the lowest point of the sinus to the ostium. 

Fig. 2. The increasing speed of drops of ink placed on the mucous membrane in 
their journey from the anterior mesial wall around the sinus to the ostium may be 
noted (see fig. 1). The broken line represents a typical single journey, and the solid 
line represents the averages of thirteen journeys observed in several animals. 


of the dogs, the posterior portion of the sinus was elaborately divided by 
incomplete partitions into a number of deep chambers (fig. 1). When 
passing over these, the drops of ink, in general, maintained the direction 
of the individual ares on which they were traveling; that is, they went 
deep into the first chamber, around the partition, and deep into the second 
chamber, then around another partition, and so on (fig. 1). That the dis- 
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tance across the posterior wall of the sinus might be increased in this 
manner several times seemed to make no difference. The drainage on 
the upper surface of the leaf was directed toward the ostium. On the 
under side, on the other hand, it was directed the opposite way and fol- 
lowed the lines on the mesial wall. 

The object of the spiral direction of flow is not entirely clear. It might 
well be that the purpose is to avoid areas of tension and stasis in the film 
of mucin so far as possible. In any case it is obvious that there must be 
some tension somewhere, since there is a difference in direction of flow in 
those adjacent areas lying near the mesial side of the ostium. In this 
area, there is a leaf-like structure, covered on both sides with epithelium, 
that lies against the floor and mesial wall (fig. 1). The thin edge is slightly 
raised, otherwise the structure is flat. This edge marks the dividing line 
between the two directions of flow, and seems to divide like a knife-edge 
the film of mucin that lies over it. This reduces the tension to a minimum. 
There is a region of tension just posterior and inferior to the edge of this 
leaf-like structure, where the lines followed by the ink separate in a Y 
(fig. 1). 

Speed-gradient. There was definite acceleration in the rate of travel of 
drops of ink placed on the mesial wall in their journey to the ostium. The 
rate just at the approach to the ostium may be from four to six times as 
great as at the beginning of the spiral on the mesial wall (fig. 2). The 
acceleration of any individual drop was by no means uniform. It might 
flow rather rapidly for a time, then hesitate, change direction somewhat, 
and speed up again. 

The reason for this acceleration of speed is obviously to avoid accumu- 
lation of mucin at the ostium. All the mucin from the comparatively 
large area of the surface of the interior of the sinus must pass out through a 
small opening. If there were no increase in rate at the approach to the 
outlet, and within the outlet itself, clearly there would be danger of 
accumulation. 

The mechanism by which the acceleration is effected has not been 
determined. Samples of mucous membrane from various parts of the 
sinus were removed and placed under the microscope at once, and the rate 
of ciliary beat was observed. No significant difference in the rate of the 
beat could be detected in the various samples. Of course, that does not 
mean that there was no difference in position. It is probable, on the other 
hand, that there is such a difference, and that the coérdinating impulses 
that bring it about were interrupted when the samples were removed. 

Emptying-time. The time required for the sinus to rid itself of various 
substances and volumes was measured. 

When ink was sprayed over all the interior surfaces of the cavity, form- 
ing a thin film, a normally active sinus would sweep the major portion 
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out in fifteen to forty minutes. There were often a few little spots in deep 
depressions that remained black for an hour or more. This seemed to be 
due to the fact that a thin, watery secretion, which carried the ink with it, 
collected in deep depressions after the sinus has been open for a time. It 
was presumably secreted on account of the unaccustomed exposure. 

When a volume of material was dropped into the depth of the sinus, deep 
below the level of the ostium, the time required for the cilia to move it 
upward to the ostium depended not only on its volume but on its nature. 
Thick, heavy mucin was handled best and most rapidly. Pus was not 
moved so readily, and aqueous solutions required the greatest length of 
time. The reason is clear. Aqueous solutions can be moved upward 


TABLE 1 
The time required in twelve tests to move amounts of mucin from the deepest portion of the 
frontal sinus out through the ostium 


AMOUNT OF MUCIN 


small drop 11 
large drop 21 
.15 ce. 60 
2 ce. 16 
15” 
12 
45 
9 
120 
120 
ce. (estimated) 50 
ce. 50t 


9 
9 
9 
25 


oo 
a 
QO 


* Two-thirds gone in fifteen minutes. No further progress during next fifty 
minutes, apparently because of a blood clot in the ostium. 
+t Almost gone; experiment stopped. 


toward the ostium only in extremely thin films, so thin that two or three 
hours may be required to move even 0.1 ce. On the other hand, 0.25 ce. 
of thick mucin has been seen to disappear in as little as nine minutes. 
When this amount of thick mucin was dropped into the sinus, a stringy 
film promptly began to climb the wall toward the ostium. After a short 
time it began to exert traction on the remainder, sufficient that the entire 
globular mass was lifted bodily from the bottom of the cavity and dragged 
up the wall toward the ostium. Tests were made on seven dogs, using a 
very thick, mucilaginous, sterile mucin found in certain sinuses that had 
previously been operated on in connection with some other experiments. 
This mucin was so thick that it could be picked up from a glass dish by 


TESTS TIME 
minutes 
1 1 
2 1 
3 0 
4 0 
5 0 
6 0 
7 0 
8 0 
9 0 
10 1 
11 
12 1 
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means of forceps and leave a dry surface. No great uniformity was found 
in twelve tests made. A volume of 0.5 ce. once required two hours to dis- 
appear, whereas, on two occasions, three times that volume required less 
than an hour (table 1). The anesthetic probably had much to do with 
this variability. Tests 3 and 6 were made in the same sinus at different 
times. The rate was much greater in the latter. 

Commercial mucin was used in a number of tests without success. Ap- 
parently something in the preparation destroyed ciliary action, because 
no motion could be detected. Pus was used a few times. It moved 
slowly for a time but motion usually ceased after an hour or two. 

Ink diluted with Ringer’s solution was used as an aqueous substance. 
When a volume of this was dropped into the depth of the sinus it was seen 
to move away steadily with ciliary action, but it required so much time 


that a watery secretion produced by the mucous membrane due to exposure 
began to collect in quantities sufficient to maintain the volume. For that 
reason, it was difficult to measure the emptying time of aqueous solutions 
unless very small volumes (less than 0.1 ce.) were used. Nevertheless, 
such materials were moved away completely in the unopened cavity. 


SUMMARY AND COMMENT 


The drainage of the frontal sinus of a dog was effected by means of the 
movement of a lining film or web of mucin motivated by ciliary action. 
This film was extemely thin but of high viscosity and had sufficient tensile 
strength to sustain a considerable degree of traction. This traction was a 
very important factor in the drainage. The direction of motion was that 
of a flat, lateral spiral so arranged that there was but little tension from 
conflicting currents in the film of mucin. There was a speed-gradient of 
fairly uniform acceleration (when numerous tests were averaged); the 
speed at the ostium was four to six times as great as that on the mesial 
wall. Several different materials were used to test the time required to 
raise small volumes from the deepest recess of the sinus, upward to the 
level of the ostium. All were moved more or less successfully, but thick, 
mucilaginous mucin was moved most completely and rapidly. Roughly, 
one or two hours were required to move out 1 ec. of thick mucin. A 
longer time was required to remove creamy pus, and still longer to remove 
watery substances. It was probable that the rate of drainage was greater 
and more uniform in the unanesthetized animal with unopened sinuses. 
These tests were made across a steeply slanting surface. The time re- 
quired to move these materials was much less when there was no need to 
lift them against gravity. Here, I am speaking of materials in consider- 
able volume. This concept should not be confused with that offered 
earlier in the paper; namely, that a thin film moves as fast against gravity 
as with it. When a thin film of ink, just sufficient to stain the lining of 
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mucin was sprayed into the cavity, it disappeared almost completely in 
about thirty minutes, and sometimes in half that time. 

Clinical application of these facts can be made readily, if conditions in the 
sinuses of man are similar, as presumably they are. If bacteria gain 
access to a sinus and lodge in the film of mucin on the walls, they are swept 
out in a very short time. Ifa volume of fluid gains access, or a volume of 
secretion forms, a much longer time is required to remove it. In general, 
the more mucin there is in the secretion, the better it drains. Pus drains 
poorly on account of its physical properties. In addition it may contain 
toxins or other materials that destroy ciliary action. 
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If a cardiac muscle preparation be subjected to stimulation by induction 
shocks above threshold strength, the preparation may be caused to con- 
tract rhythmically up to rates somewhat greater than that of the normal 
spontaneous rhythm. Faster rates of stimulation may cause irregular 
responses to appear with many of the applied stimuli ineffective in produc- 
ing aresponse. Ata rate such as is obtained, for example, by the vibrator 
on a Porter induction coil, and if the secondary coil be adjusted so that a 
single break shock is just threshold, continued stimulation will usually 
cause the preparation to show a single contraction followed by a period of 
quiescence which lasts until the stimulation is momentarily interrupted. 
Another period of stimulation will then usually show another single, initial 
contraction and ensuing quiescence. Using such just threshold shocks, 
this type of response may often be demonstrated with stimulation rates of 
only four or five per second. Although this method of stimulation may 
involve application of an alternating current, unidirectional shocks show 
the same effect in rather greater degree. 

The type of response characterized by a single initial contraction is 
usually ascribed to an indefinite prolongation by the induction shocks of 
the relatively refractory phase following the first contraction. However, 
with still higher rates of stimulation, the shock strengths being somewhat 
above threshold, there may be contractions both at the beginning and at 
the termination of the period of stimulation, but none during the continued 
application of the shocks. 

Initial and final twitches were observed in a nerve-muscle preparation by 
Grunhagen (1872) and Engelmann (1871). Bernstein (1871) had pre- 
viously described the initial twitch phenomenon. Engelmann later de- 
scribed the appearance of the initial contraction in the buibus aortae 
and ventricle of the frog (1878). 

The above phenomena appeared to have an underlying relationship with 
the phenomena described by Wedenski (1883) and Gildemeister (1908). 
Certain experiments supporting this view were undertaken by one of us 
several years ago but were inconclusive in consequence of technical difficul- 
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ties. Recently Erlanger and Blair (1931, a and b) have published results 
of a study of the effects of electrical currents upon nerve irritability. At 
an early stage of their experimental work we were struck with the simi- 
larity of reaction of the irritable mechanisms of nerve and cardiac muscle. 
Therefore, provided with an adequate stimulating device, we under- 
took a study of the changes in cardiac irritability under the influence 
of electrical currents in a manner which somewhat paralleled the attack 
which Erlanger and Blair were making upon nerve irritability. Such of 
our experiments as duplicated theirs in method gave, in most cases, quali- 
tatively identical results. In some respects the results were similar only 
in general trend and in one respect differed completely. The single case of 
dissimilarity occurred in that group of experiments in which the effects on 
irritability of subthreshold and superthreshold stimuli were compared. 
A striking difference between nerve and heart muscle appeared in conse- 
quence of the relatively long contraction time of the heart muscle and the 
accompanying long period of absolute refractoriness. 

The work of Erlanger and Blair, undertaken as an extended investiga- 
tion of the Gildemeister phenomenon in the light of the work of Kato and 
his associates (1929), developed into a broader study of the effects upon 
nerve irritability of 1, subthreshold induction shocks; 2, subthreshold con- 
stant currents of various durations; 3, superthreshold constant currents, 
and 4, currents of strength increasing to above threshold but with a sub- 
liminal gradient. ‘Testing irritability with an induction shock and arbitra- 
rily expressing the level of irritability as the reciprocal of shock strength 
necessary to produce a certain response, Erlanger and Blair found: 

1. That during the flow of a subrheobasic current directed cathodally 
with respect to the region of nerve studied, the curve of irritability, plotted 
against time, rises at first, attains a maximum level, and then falls back to 
a lower but still supernormal level at which it remains with only slight 
changes until shortly before the currem is broken. 

2. That shortly before the break « constant current, the irritability 
curve begins to fall. This “preterminal fall of irritability’’ is an artifact 
introduced into the curve because of a period of time which elapses between 
the application of the induction shock and the beginning of rise of the ac- 
tion potential of the less irritable fibers. 

3. That following the break of the cathodal current the irritability per- 
sists momentarily above normal, though falling rapidly to and below nor- 
mal. The time of recovery from this subnormal irritability is similar to 
that of the duration of the relatively refractory period of the nerve. 

4. That after an applied subthreshold induction shock of short duration, 
there appear effects, qualitatively similar, though not with identical time 
or intensity relations, to those which occur following the break of a constant 
current. 


SUBTHRESHOLD ELECTRIC CURRENTS AND HEART MUSCLE 673 


5. That the relatively refractory period (measured by induction shock 
strength necessary to produce a second response) can be nearly abolished 
by an anodally directed shock applied late in the absolutely, or very early 
in the relatively refractory period. 

6. That following the break of a short anodal current there is a period 
of decreased irritability followed by one of increased irritability, the time 
functions of these changes being those of the opposite changes following a 
short cathodal current. 

Certain other phases of their work, some of which we have and some of 
which we have not duplicated need not be outlined here. The findings of 
Erlanger and Blair outlined above could be used as a summary for part of 
our own results. It is in these respects that the irritable mechanisms of 
nerve and heart muscle show similar behavior. The results of our experi- 
ments will be presented and discussed below. 

APPARATUS AND PROCEDURE. Non-rhythmic strips were cut from the 
ventricles of turtles of the genus Pseudemys and were suspended in a moist 
chamber by the wool wicks of a pair of calomel electrodes. The strips were 
attached to the wicks with the least possible injury by silk threads which 
were first tied to the strips, one near either end, and were then tied tightly 
to the wicks. The series resistance of the pair of electrodes used was ap- 
proximately 11,000 ohms. A thread attached to the fraenum of the strip 
was passed through an opening in the top of the moist chamber and over a 
pulley to a light spring lever which recorded contractions of the strip on a 
smoked paper. To avoid injury to the stimulated points, which were the 
points of suspension, the strip was placed under so little tension that there 
was considerable lost motion in the recording system. The records ob- 
tained, therefore, served merely to indicate contraction or lack of contrac- 
tion (see fig. 1). The more detailed time elements of the mechanical 
records obtained are of no significance. 

For stimulation with two inductic* shocks, two cored Porter coils were 
used. The secondaries were connec. 4 in parallel to the stimulating elec- 
trodes. In most of the experiments a 10,000 ohm resistance was also 
placed in series between one of the secondary terminals and an electrode. 
A key operated by the rotating interrupter served to short circuit the make 
shocks, the break shocks alone being used. Each primary circuit was 
activated by a 6 volt storage battery connected through a reversing key, 
thus making possible quick changes in the direction of the secondary cur- 
rent. A variable rheostat in each primary circuit gave sufficient change of 
current to permit an experiment to be conducted without change of posi- 
tion of the secondary coils. Since the secondary shock strength is nearly 
proportional to the primary current, the current calibration for different 
rheostat dial positions gave a relative expression of the strength of the 
shocks used. A key in each primary circuit was made and broken by the 
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rotating interrupter. The interrupter was so constructed as to make pos- 
sible the easy adjustment of the time of opening or closing of any of the 
three keys with respect to that of the others. The time and sharpness of 
action of the keys were checked by use of the cathode ray oscillograph. 
Times of stimulation shown on kymograph records were obtained by signal 
magnets placed in the primary circuits of the coils. 

In using a constant current in conjunction with the shock from a single 
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induction coil, a high resistance (100,000 ohms) voltage divider was used 
to furnish the desired potential derived from the circuit activated by a 6 
volt storage battery. The derived circuit was connected either in series 
or in parallel with the secondary of the induction coil. With either ar- 
rangement a key operated by the rotary interrupter was placed in the bat- 
tery circuit of the voltage divider so that the shunting of the induction 
shock might remain unaltered. 

The procedure involved in suspending the strips from the electrodes 
usually resulted in a slightly greater irritability at one end of a strip than 
at the other. The end showing the greater irritability was, therefore, 
used for studying thresholds and the current directions are spoken of with 
respect to this point. In all cases where currents anodal with respect to 
the end studied were employed, they were checked before and after each 
group of tests to make certain that stimulation had not occurred at the 
other end of the strip. 

A complicating factor in the determination of threshold by the methods 
used involved changes in threshold during the course of an experiment. 
With considerable regularity it was found that a strip when first hung on 
the electrodes showed an extremely variable irritability. The irritability 
became stabilized within about 15 minutes and was then maintained in a 
good preparation for one to three hours, this time depending somewhat on 
the amount of abuse which the tissue received. Because of the difficulty 
of obtaining good agreement of threshold values during the early period of 
changing irritability, it was our custom to attach the strip to the electrodes 
and then to calibrate our wheel speed, check zero time relations of the keys 
and make similar adjustments. During this time the strip was occasionally 
stimulated and the irritability would usually come to a condition which 
was sufficiently stable to allow thresholds to be determined with an accu- 
racy of from one to five percent. Aftera routine experiment had proceeded 
for some time, the threshold would begin to rise rapidly, and as this rise 
would continue until the preparation failed to respond, it was customary to 
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rotating interrupter. The interrupter was so constructed as to make pos- 
sible the easy adjustment of the time of opening or closing of any of the 
three keys with respect to that of the others. The time and sharpness of 
action of the keys were checked by use of the cathode ray oscillograph. 
Times of stimulation shown on kymograph records were obtained by signal 
magnets placed in the primary circuits of the coils. 

In using a constant current in conjunction with the shock from a single 


Fig. 1. Records showing enhancement and depression of irritability following sub- 
threshold induction shocks. Shock polarity in all cases stated with respect to point 
stimulated to give response. Records from top downward in each case are: con- 
traction of strip, first or sensitizing shock, S,, which is always subthreshold, second or 
testing shock, S:, and time intervals in seconds. Numbers on the white strips indi- 
cate corresponding times for each record. 

A. Depressed irritability following anodal shock. Shock interval 9 sigmas. 4S; 
anodal. S2 cathodal, threshold. When S, follows S; no contraction occurs. 

B. Enhanced irritability after cathodal shock. Shock interval 7 sigmas. S, 
cathodal. S;cathodal and subthreshold. When S; follows S; a contraction occurs. 

C. Depressed irritability at considerable interval after cathodal shock. Shock 
interval 54 sigmas. S; cathodal. S,cathodal, threshold. When S2 follows S;, no 
contraction occurs. 

D. Enhanced irritability at considerable interval after anodal shock. Shock 
interval 54sigmas. S; anodal. S.2cathodal and subthreshold. When S; follows Si, 
a contraction occurs. 


| 


675 


SUBTHRESHOLD ELECTRIC CURRENTS AND HEART MUSCLE 


induction coil, a high resistance (100,000 ohms) voltage divider was used 
to furnish the desired potential derived from the circuit activated by a 6 
volt storage battery. The derived circuit was connected either in series 
or in parallel with the secondary of the induction coil. With either ar- 
rangement a key operated by the rotary interrupter was placed in the bat- 
tery circuit of the voltage divider so that the shunting of the induction 
shock might remain unaltered. 

The procedure involved in suspending the strips from the electrodes 
usually resulted in a slightly greater irritability at one end of a strip than 
at the other. The end showing the greater irritability was, therefore, 
used for studying thresholds and the current directions are spoken of with 
respect to this point. In all cases where currents anodal with respect to 
the end studied were employed, they were checked before and after each 
group of tests to make certain that stimulation had not occurred at the 
other end of the strip. 

A complicating factor in the determination of threshold by the methods 
used involved changes in threshold during the course of an experiment. 
With considerable regularity it was found that a strip when first hung on 
the electrodes showed an extremely variable irritability. The irritability 
became stabilized within about 15 minutes and was then maintained in a 
good preparation for one to three hours, this time depending somewhat on 
the amount of abuse which the tissue received. Because of the difficulty 
of obtaining good agreement of threshold values during the early period of 
changing irritability, it was our custom to attach the strip to the electrodes 
and then to calibrate our wheel speed, check zero time relations of the keys 
and make similar adjustments. During this time the strip was occasionally 
stimulated and the irritability would usually come to a condition which 
was sufficiently stable to allow thresholds to be determined with an accu- 
racy of from one to five percent. After a routine experiment had proceeded 
for some time, the threshold would begin to rise rapidly, and as this rise 
would continue until the preparation failed to respond, it was customary to 
terminate the experiment at that time. Experiments were, therefore, 
done upon strips with a fairly stable and normal condition of irritability. 
Most of the experiments were done at temperatures of 23°C. to 25°C. 
The figures given in the diagrams are representative of typical preparations 
at 25°C. 

EXPERIMENTAL RESULTS. 1. Effects of a continued, subthreshold, cathodal, 
constant current. Figure 2 reproduces two curves showing the effects upon 
irritability at the cathode of subthreshold constant currents, curve 1 repre- 
senting the effects of a stronger current than that used in the experiment 
which furnished the data for curve 2. The term irritability is used here 
only to mean the ease with which the tissue responds, by a contraction, to 
an induction shock. This is arbitrarily expressed in terms of the strength , 
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of a threshold shock, the less the shock strength necessary to give a con- 
traction, the greater the “irritability.” 

With a continued constant current of relatively long duration (more 
than 40 sigmas) there is a period of rising irritability of the strip. The 
curve rises during a period of about 23 sigmas at 25°C. After the crest of 
the curve is reached there may be a fall which continues fairly rapidly 
for 20 or 30 sigmas and then tends to flatten out and continue at a more or 
less constant level. In many apparently excellent preparations the curve 
rises to the crest and falls off very slightly or not at all as the current con- 
tinues. In other preparations, using similar current strength, after the 
drop from the crest, there is a slow continued fall as long as the current is 
allowed to flow. Such effects are evidently related to the depressing ac- 
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Fig. 2. Irritability at cathode during and after constant current flow. Curve /, 
current of 60 per cent rheobasic value; curve 2, current of 40 per cent rheobasic value. 

Fig. 3. Effect upon irritability of changes in duration of a current of constant 
intensity (60 per cent rheobasic). Curve /, 60 sigmas duration; curve 2, 100 sigmas 
duration; curve 3, 150 sigmas duration. 

Fig. 4. Irritability at cathode following short induction shock. Curves 1, 2 and 
3 representing effects of weak, medium and strong subthreshold sensitizing shocks 
respectively. 


tion of the continued cathodal current and are in part dependent on as 
yet uncontrolled individual variations in different preparations. It is 
usually the case that in good preparations subjected to polarizing currents 
of 40 per cent to 60 per cent threshold strength, the curve reaches its maxi- 
mum, falls somewhat and then shows a further gradual drop as the current 
continues. With less strong constant currents, the fall from the crest may 
be imperceptible. With stronger currents there may be a pronounced and 
continued fall in irritability to a level even below that of unpolarized tissue. 

At a time about 10 sigmas before the break of the current, the curve be- 
gins to fall more rapidly, and at the time of the breaking of the current may 
be at approximately the same level as when the current was made. This 
level represents simple electrical summation of the stimuli for the condition 
of the strip at that moment. The “pre-terminal fall,’”’ that is, the fall in 
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Blair in nerve, an artifact introduced into the curve by the method of test- 
ing and will be discussed in greater detail below. 

After the break of the current, the irritability passes toward the line of 
threshold irritability and crosses it at a time varying, under different con- 
ditions, between 3 and 20 sigmas. The greater the drop from crest level 
at the time the current is broken, the shorter is the time usually required 
for the curve to reach the base line. This relationship is seen with increas- 
ing durations of constant current, longer durations giving a shorter time to 
base line (fig. 3). 

The relative effects of change (1) of strength of a current allowed to flow 
for a constant time, and (2) of the duration of a current of constant strength, 
are shown in figures 2 and 3, respectively. It will be seen that in figure 2, 
curve 2, which was plotted for a 40 per cent threshold polarizing current, 
shows less enhancement and less depression of irritability than does curve 1, 
which represents effects of a 60 per cent rheobasic current. The time 
relationships of the curves are, however, similar. The curves of figure 3 
show a quite different state of affairs. It is probable that the beginning of 
the pre-terminal fall for curve 1 (representing effects of a “‘short’’ current 
flow, 60 sigmas) should be placed slightly earlier than that of curve 3 (long 
current duration, 150 sigmas). Such a displacement could not be accu- 
rately plotted and is omitted from the curves. The time from break of the 
current to maximum depression is quite constant. The time from the 
break to the level of normal irritability is, however, much less when a 
moderately strong current is allowed to flow for a “long” time than when 
it has acted only for a “short” time. In other words, while the experi- 
mental curves show a fairly constant form, the time of enhanced irritabil- 
ity after the break (period of latent addition) depends on the depression of 
irritability which has occurred during the flow of the current. 

The duration of the period of post-cathodal depression is probably quite 
constant although the intensity of depression at any time depends on the 
strength of the current used. The irritability recovers along a curve which 
can easily be plotted for times up to several tenths of a second and which 
continues an asymptotic approach to the normal irritability level. It has 
a time function which is similar to and possibly is identical with that of the 
curve of recovery from relative refractoriness. 

With currents which do not produce a considerable depressing effect and 
in occasional preparations in which there is little or no fall in the curve from 
crest height during current flow, the post-cathodal depression is reduced 
to a very small value and may escape observation if it be present at all. 
Such a curve as that of figure 2, plotted for irritability changes to a pro- 
longed constant current, probably represents as a general case the con- 
ditions of which the curves for short constant currents or induction shocks 
are special cases. 
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2. Inhibition of response to a rheobasic constant current of indefinite dura- 
tion by an anodal shock. If a rheobasic current of “indefinite’’ duration be 
used, there is a utilization period before the tissue responds. That is to 
say, in order to obtain a response the current must flow for a certain time, 
the “rheobasic time’ (Hauptnutzzeit). The response may be prevented 
from appearing at any time if an anodal shock of proper strength be thrown 
into the tissue before the response occurs. The curves showing the rela- 
tions of time and of anodal shock strength necessary to prevent a response 
were plotted for a number of preparations. In order to prevent the re- 
sponse, a relatively strong shock is required early in the utilization period 
while a very weak shock suffices just before the end of the utilization period. 
The time relations of this curve vary slightly in different preparations, but, 
in general, it may be said that this group of curves has the same time 
functions as do the curves of rising irritability plotted by testing the effects 
of a subthreshold constant current by the strength of cathodal induction 
shocks just necessary to produce a response. 

The above method of inhibiting the response to an applied constant cur- 
rent was used to test the nature of the preterminal fall. It seemed probable 
that this apparent fall in irritability before the breaking of the current 
might be due either to the fact that the breaking of the current terminated 
too quickly the flow of what was in reality the stimulating current, or be- 
cause the anodal effect of breaking the current cut off or blocked a process 
which had been started by the induction shock but which was subject to a 
prolonged latency of action. The curves which we obtained showed irregu- 
larities of form which we have been unable to explain satisfactorily. Apart 
from details of curve form, however, these experiments demonstrated con- 
clusively that the preterminal fall represents a delay in response of the 
polarized tissue after the application of the cathodal induction shock. It 
was found that the appearance of a response could not be inhibited at a 
time later than that at which the action potential appeared. This time was 
the time at which the constant current was broken. We hope to be able 
to report soon on the extent to which the anodal effect of the breaking 
cathodal current enters into the determining of the tissue response. 

3. Effects upon irritability of two induction shocks of similar polarity 
(cathode-cathode series). a. If a slightly subthreshold induction shock be 
followed within less than a certain critical time interval by a second (also 
sub-threshold) induction shock, summation may occur and a contraction 
of the strip be elicited (figure 1). Using a constant strength of first or 
“sensitizing” shock and recording the strength of the testing shock just 
necessary to produce a contraction, it is possible to obtain results which 
may be plotted as in figure 4. As Erlanger and Blair found in nerve, the 
maximum effect is obtained with simultaneous shocks, the effect becoming 
less as the interval is increased. The base line, representing normal irri- 
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tability is reached in the case of heart muscle in about 20 sigmas. A range 
of from 18 to 23 sigmas covers the results of practically all of our experi- 
ments. 

b. If a subthreshold sensitizing shock be followed by a second (testing) 
shock also of subthreshold strength after a time equal to the duration of 
the summation period (about 20 sigmas), no contraction occurs. In order 
to elicit a contraction, the testing shock must be brought to threshold 
strength. This point on the curve represents the transition from the period 
of enhanced irritability to the period of depressed irritability. 

c. If a subthreshold sensitizing shock be followed by the testing shock 
after a time greater than that of the critical period, a contraction occurs 
only if the testing shock has a strength greater than the normal threshold. 
This period of depression can usually be followed for about 0.5 second. 
However, in occasional preparations we have noted results of previous 
ineffective shocks which have lasted certainly for a period of three or four 
times this value and in a few of these cases we have definite figures covering 
times up to twelve or fifteen seconds. We consider, therefore, that while 
we are unable to plot accurately the entire course of recovery from post- 
cathodal depression, its course is similar to that of the recovery from rela- 
tive refractoriness. The two curves show similar changes and approach the 
normal asymptotically along a curve which may be traced for several 
seconds. 

4. Effects of induction shocks of unlike polarity. a. Anode-cathode series. 
The effects of two shocks of unlike polarity can be adequately presented 
in brief by saying that the curves of this series are essentially inverted forms 
of those of the preceding series. For a period of some twenty sigmas after 
application of an anodal shock, a cathodal shock must be of greater than 
normal threshold strength in order to elicit a contraction. The curve ap- 
proaches the base line and crosses it at the same time as do the cathode- 
cathode curves. There then follows a period during which the effect of the 
anodal sensitizing shock is to leave the tissue more than normally excit- 
able in response to cathodal shocks. In our experimental procedure, there- 
fore, we routinely determined the time at which the irritability curve 
crosses the base line by determining the responsiveness of the strip both 
after anodal and after cathodal sensitizing shocks. 

b. Cathode-anode series. If a cathodal shock of threshold strength be 
followed within a short time by an anodal shock of sufficient strength, a 
contraction does not occur. The longer the time between the two shocks, 
the greater must be the strength of the anodally directed second shock if 
the response is to be prevented from appearing. The maximum time which 
regularly gave inhibition was eight sigmas. With separation of more than 
eight sigmas we were able to prevent a response in only one experiment. In 
that case fifteen sigmas shock separation was used successfully. 
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We attempted to find a clear cut explanation of the phenomenon by 
study of cathode ray oscillograph records taken with one lead electrode 
placed at the point of stimulation. Although we were unable to procure 
any records in which the shock artifact did not outlast the maximum 
shock interval for inhibition, comparison of records made by use of sub- 
threshold and super-threshold shocks failed to reveal any sign of a begin- 
ning tissue action potential for a time equal to this maximum shock interval. 
It appears certain that the second, anodal shock prevents the development 
of an action potential in the strip by depressing the irritable mechanism 
before the beginning of the action potential as we now know it. By the 
use of various electrode combinations we have been unable to detect any 
polarizable system in the stimulating circuit proper which could be con- 
sidered as responsible for a prolonged current flow. A just threshold induc- 
tion shock produces a response in turtle ventricular tissue which may not 
be expressed as an action potential for a period of as much as eight sigmas 
after the beginning of the shock. This is in amendment to the statement 
previously published by one of us (Gilson, 1927). An anodally directed 
shock of sufficient strength thrown into the tissue during this interval may 
prevent any contraction (or action potential) from appearing. 

5. Effects of continued repetitive stimulation. If astrip be subjected to 
repeated stimulation, the threshold gradually increases. This apparently 
is identical with or related to the phenomenon discussed in a series of papers 
by Scheminzky and his co-workers (1930). They find that a skeletal 
muscle, per ex., a frog sartorius, if repeatedly stimulated by brief periods of 
constant current, by induction shocks, or by condenser shocks gives a 
mechanical record which appears like that obtained from a muscle showing 
rapidly developed and severe fatigue. If the direction of the current be 
reversed, there is immediate and pronounced recovery, followed by a 
“fatigue’’ which may again be offset by a reversal of the stimulating cur- 
rent. Especially in working with anodal-cathodal combinations did we 
find changes in thresholds of the sort which would be expected from Sche- 
minzky’s work. Under the conditions of our experiments such effects have, 
however, been relatively slight. Nevertheless, if a strip be subjected to 
rather rapid unidirectional stimulation (sometimes as slow as four or five 
stimuli per second) with an intensity but very little above threshold, there 
will result the initial contraction followed by a period with no further re- 
sponses. If after several stimuli have been sent in, an anodal shock be 
applied at a time such that the next cathodal shock falls during the period 
of enhanced irritability, there may be a contraction in response to the 
cathodal shock and then a period of further quiescence. Usually the com- 
bination of depression of irritability by the continued ¢athodal stimulation 
is so great relatively that continued alternation of anodal and cathodal 
shocks will not produce a continued series of responses. In this case, as in 
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the other combinations tried, the variations in actual current flow through 
the tissue with changes in tissue polarization may be responsible for the 
changes observed, although this phase of the problem has not been 
examined. 

Using a neon tube stimulator, we investigated the effects of rapid, uni- 
directional stimulation. It will be seen from the curves presented above 
that rates of stimulation above 50 per sec. should allow one shock to fall 
within the summation period left by the preceding shock. Experimentally 
we found, in accord with previous work, that a strip responds to such 
stimulation as follows: 

a. If the shock strength be barely above threshold there appears the 
initial contraction only. 

b. If the shock be somewhat stronger than this, some preparations, 
though not all, show an initial cathodal and a final anodal contraction. 

c. If the shock strength be still further increased, to three or four times 
threshold, occasional preparations show rhythmic responses for several 
beats during stimulation, and then usually a final contraction when stimu- 
lation is stopped. 

In other words, the effects of rapid unidirectional stimulation approach 
those of a constant current. The cathodal depression is in most cases so 
great that, if one uses moderate shock strength, the summation of stimuli 
which occurs after recovery from the first contraction is still not sufficient 
to bring about a rise of irritability great enough for the production of a 
second response. It is probably the polarization involved in this depres- 
sion which is responsible for the appearance of the final contraction which 
occurs at the anode when application of the shocks is stopped. 

6. The relatively refractory period and cathodal polarization. If a strip 
be made to contract by electrical stimulation and if an anodal shock be 
applied late in the absolutely or early in the relatively refractory period, 
the irritability may then be tested by a succeeding cathodal shock. Com- 
parable curves of recovery of irritability may then be plotted with and 
without the anodal shock. We were unable to effect any change in the 
duration of the absolutely refractory phase. However, with anodal- 
cathodal shock separation of 30 to 50 sigmas, we were able to demonstrate 
an apparent shortening of the relatively refractory phase. Such an inter- 
val, however, normally allows for enhancement of irritability to the catho- 
dal testing shock and it is difficult to determine whether the lowering of the 
threshold toward normal during this time was due to a true shortening of 
the relatively refractory phase or merely to an unrelated enhancement of 
the then threshold level as a result of the late, post-anodal enhancement. 

Discussion. Our results are compatible with the findings of Keith 
Lucas on the summation interval in frog heart although he reported merely 
maximum measurable summation to a 95 per cent threshold shock of only 
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8 sigmas. It is to be seen that in all of the experiments which we have 
reported above there is a complete agreement between the work of Er- 
langer and Blair and our own. Erlanger and Biair meet with the compli- 
cating factor that the total response of the nerve trunk subjected to sub- 
maximal stimulation is made up of responses from many fibers having 
different thresholds. Our results are comparable to those which they might 
have obtained had they been studying a single nerve fiber responding, 
therefore, in a unitary manner. 

The striking difference between their work and our own is that center- 
ing about the fact that heart muscle contracts and a nerve does not. Ex- 
periments on frog nerve at 25°C. yield curves of irritability changes in 
consequence of subthreshold currents which may be made generally repre- 
sentative of those for turtle ventricular muscle by multiplying all time 
values by about 40. However, if the two tissues be made to respond and 
the irritability changes in the relatively refractory period then be studied, 
the nerve passes quickly through its absolutely refractory phase and be- 
comes relatively refractory in some 0.7 sigma, whereas, the heart strip is 
absolutely refractory for perhaps 0.7 second. Shocks applied to ventricu- 
lar strips early in the systolic phase, therefore, have little if any effect on the 
course of the relatively refractory phase. In nerve, a subthreshold shock 
causes changes in irritability which allow the nerve to be permanently re- 
stored to normal levels in about the same time that would be required had 
a superthreshold shock been used. In heart, on the other hand, a sub- 
threshold shock causes enhanced irritability for perhaps twenty sigmas, 
and demonstrable depressed irritability for several tenths of a second, with 
recovery to perhaps five per cent of normal in half a second. If we assume 
that the curve is that of the relatively refractory phase, we may say that 
the recovery from relative refractoriness begins, at most, about fifty sigmas 
after application of the subthreshold shock. However, if the shock be of 
more than threshold value, there is interpolated between the stimulation 
phenomena and the recovery phase an absolutely refractory period of 
several tenths of a second. It would appear, therefore, that the typical 
tissue reaction, occurring in response to some threshold trigger mecha- 
nism holds in abeyance the recovery of the irritable mechanism which would 
have occurred along the same curve but at an earlier time if threshold 
value had not been reached. 

Excepting this one striking difference between nerve and muscle, the 
similarity of reaction is remarkable. Moreover the close agreement of the 
nerve and heart experiments serves as an indication of the validity of both 
and with the material of both researches available for comparison, certain 
generalizations may be made. It will be noticed that the times 1, from the 
make of the current to the crest of the irritability curves of figure 2; 2, 
from the break of the current to maximum depression of figure 2, and 3 
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of maximum summation interval for two cathodal induction shocks (fig. 
4) all show similar values of about 20 sigmas. This value is also the maxi- 
mum reached as a limit for the summation interval after the break of a 
weak constant current which produces no measurable post-cathodal de- 
pression. Examination of the figures published by Erlanger and Blair 
reveals a corresponding similarity of these time values for nerve (Erlanger 
and Blair, 1931a, fig. 4; 1931b, figs. 2and9). It seems, therefore, not im- 
probable that the primary mechanism being dealt with is the same in each 
case. We cannot at present describe the nature of this mechanism, al- 
though time relations such as those revealed by experiment would hold, as 
would also the relationship between time or current strength and the in- 
tensity of the post-cathodal depression, if the mechanism were a polarizable 
system acted on by the externally applied voltage (cf. Bishop, 1928). 

A second striking similarity of reaction in heart and nerve is the apparent 
latency to electrical stimulation, either to a brief induction shock alone or 
to an induction shock applied during a period of constant applied voltage. 
Both heart and nerve show similar “preterminal fall” phenomena. More- 
over the experiment of Erlanger and Blair in which they short-circuited 
their stimulating induction coil at a time such that there was a measurable 
interval before the beginning of the nerve response seems to indicate that 
by their induction shock they had started a process which required a con- 
siderable time for completion. Upon completion of the process the action 
potential appeared and propagation of an impulse was commenced. In 
both heart and nerve, the limiting time value of this secondary process, if 
it exist, is shortened as shock strength is raised above threshold. Further 
discussion of the problem will be reserved until further data on experimen- 
tal material is available. 


SUMMARY 


Turtle cardiac muscle has been studied with respect to its changes in 
irritability during and following the application of various subthreshold 
currents. 

The changes found are essentially the same as those described for nerve 
if the time values for the latter be multiplied by a factor of about 40. The 
possible implications of the experimental findings in the light of other work 
are briefly considered. The experimental findings offer explanation of the 
phenomena of initial and final contractions observed in cardiac muscle 
under the effect of continued constant current or repeated induction shocks 
of threshold or slightly superthreshold intensity. 
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In the course of a series of investigations on changes in carbohydrate 
metabolism under different conditions (Britton and Silvette, 1931, 1932) 
it became necessary to inquire into the effects normally produced by mus- 
cular and emotional reactions in a number of control observations. Vigor- 
ous cats and kittens, which were used in the reported experiments, were 
found to be readily responsive subjects in such an investigation. It was 
soon observed, however, that the slighter motive and emotive responses 
which were evoked on merely handling the animals, and in withdrawing 
blood samples, resulted in relatively small blood and extravascular car- 
bohydrate changes. In order to establish reactions which would be as 
conclusive as possible it was decided to set up fairly exacting conditions, 
and prolonged emotional and muscular activities to the point of exhaustion 
were therefore imposed on the animals used in the present study. 

Metuops. The experiments were divided into three groups, in addi- 
tion to the control series. Analyses were made to determine the muscle 
and liver glycogen, and the blood sugar and lactie acid on each animal. 
Normal adult cats, and also kittens weighing between 0.5 and 1 kilo (2 to 
4 months old) were used in most of the experiments. In the investiga- 
tions on cold exposure a number of marmots (Arctomys monax) and opos- 
sums (Didelphys virginiana) were also used. In two control series 11 
normal adult cats and 9 normal kittens were fasted 24 hours and 18 hours 
respectively. 

Small cats or kittens were placed in a bath of agreeably warm water 
and allowed to carry out active swimming movements. After the initial 
wetting the experience was apparently not discomforting. When fatigue 
supervened, they were removed and sacrificed and the tissues analyzed. 

The effects of emotional excitement on carbohydrate levels were tested 
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by putting vigorous cats in a small cage and bringing before them an 
aggressive, barking dog. The imprisoned animals reacted by snarling, 
showing the teeth, and occasionally striking out with claws bared. At the 
end of five minutes the cats were removed from the cage and immediately 
used as stated above. 

In the third series of experiments young cats were first subjected to 
complete wetting of the fur, and then placed in a cold room at a tempera- 
ture between 0-5°C. Shivering movements occurred soon after exposure 
in most cases, and signs of muscular stiffness were observed from one to 
three hours later. The animals were then removed and sacrificed for 
tissue analysis. Similar observations were made on groundhogs and 
opossums. Deep rectal temperatures were taken in all cases. 

The routine followed in sacrificing and taking samples from each animal 
was in all cases identical in order to secure comparative results. The 
animal was stunned, the abdomen and thorax quickly opened along the 
midline, and the blood drawn directly from the heart into a small amount 
of powdered sodium oxalate. A portion of the liver was clipped off and 
plunged immediately into sodium hydroxide solution, and the central 
portion of the hamstring muscles of the right leg was similarly treated. 
The whole procedure took somewhat less than two minutes, from the time 
of stunning until the tissues were immersed in sodium hydroxide. 

Blood sugar was determined by the method of Folin and Malmros (1929); 
the glycogen by a modification of Pfliiger’s method suitable for amounts 
of tissue from 0.5 to 1 gram (Bollman, Mann and Magath, 1925), as 
follows: 


Centrifuge tubes containing 2 cc. of 20 per cent sodium hydroxide were weighed, 
approximately 1 gram of tissue placed in each, and the tubes weighed again. The 
tubes were immediately plunged into boiling water and heated with occasional shak- 
ing for 4 hours. Then 2 cc. of distilled water were added to each tube followed by 8 
to 9 cc. of 95 per cent ethyl alcohol. The contents were thoroughly mixed and the 
tubes allowed to stand over night for the glycogen to precipitate. The tubes were 
then centrifuged, the alkaline alcohol decanted off, and the impure glycogen washed 
successively with 66 per cent alcohol (twice), 95 per cent alcohol, absolute alcohol, 
and ether. The dry glycogen was dissolved in boiling water, 1 cc. of concentrated 
hydrochloric acid added, and the mixture hydrolyzed in a boiling water bath for three 
hours. The hydrolysate was then cooled, neutralized with sodium hydroxide, and 
made up to volume. Glucose determinations were then made on aliquot parts. 


Lactic acid was determined by the method of Friedemann, Cotonio and 
Shaffer (1927), following removal of the glucose from the Folin-Wu filtrate 
by the copper sulphate-calcium hydroxide method of Van Slyke (1917). 
A series of lactic acid determinations, using standard solutions of zinc 
d-lactate, gave an average recovery of 98.9 per cent over a range of con- 
centrations from 9 to 180 mgm. per 100 cc. (table 1). 
Resutts. The results of analyses for muscle and liver glycogen, blood 
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sugar, and lactic acid on normal adult cats are given in table 2, and on 
normal kittens in table 3. It should be noted that the muscle glycogen 


TABLE 1 TABLE 2 
Showing the recovery of lactic acid from Glycogen, glucose and lactic acid values 
various concentrations of zinc in normal adult cats 


d-lactate solution 
Average figures 


| 0.002 Is, | 
| USED | | YIELD BER | COGEN | COGEN ACID 
| ALENT | 
| | er cent\per cent, | mgm 
cc ce. | ec. | ec. | “ ? per cent per cent 
10 |10/ 7/31| 0.374 1.51 85 | 34 
| 102.5 |10/ 7/81] 0.538) 1.28) 74 | 26 
| 12 /10/ 7/31) 0.442) 1.42) 80 | 26 
| 4-20) 3.95) 98-5 16 |10/13/31| 0.466 0.95 | 95 | 25 
17 |10/13/31| 0.404 1.57) 78 | 1 
50 |12/ 4/31) 0.512) 0.67 | 106 | 23 
10 | 10. | 10.15 | 101.5 51 4/31] 0.405, 1.43} 98 | 30 
A “| 54 |12/11/31| 0.397, 0.97 | 118 | 17 
| 98.9 55 (12/11/31) 0.412) 1.25 


56 |12/12/31) 0.337; 1.52 90 23 
57 |12/12/31) 0.395) 0.86 96 23 


TABLE 3 TABLE 4 
Glycogen, glucose and lactic acid levels Carbohydrate changes in young cats 
in normal young cats which were exercised to exhaustion 


| 


5 | | lo = ae an 
a |a | é a ela | 38 
er | or mgm. | mgm. or | mgm. mgm. 
| Zoe | done | | | cont | cont | | 
28) 10/22/31/0.55 1.79 99 | 43 35 |11/ 2/31/0.42:0.202 0.426 142 86 
1.49 111 | 38 36 2/3110.76.0.2090.231) 132 | 90 
91) 38 37 160 74 
81 | 41 38 11/ 4/310.640.1650.221| 145 | 107 
112 | 39 39 11/ 125 77 
2.86 110 | 35 40 |11/ 4/3110.56.0.2010.228 156 91 
93 | 30 60 | 2/15/32 0.430.203 0.314) 132 


58) 1/ 6/32,0.630.2412.72| 77 
59| 1/ 6/32:0.640.4201.48) 68 | 


levels of kittens are lower than those found in adult cats fasted for a simi- 
lar period of time, while the blood lactic acid figure is about 50 per cent 
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higher. Kittens are much more susceptible to the influence of a short 
fasting period; in part, perhaps, because they are comparatively more 
active than adults, and thus would utilize their fuel reserves faster. 

After muscular exercise (table 4) the muscle glycogen is reduced about 
50 per cent, and the liver glycogen to about one-fifth of the normal value, 
while blood-glucose and lactic acid levels are raised respectively about 50 
and 200 per cent. It should be mentioned that the animals were subjected 
to a brief period of exhausting exercise in which the factor of muscular 
activity was attended to a slight extent by the emotional state. 

Adult cats which were subjected to profound emotional excitation by a 
barking dog, attended by very little muscular activity, showed fluctuations 


TABLE 5 TABLE 6 
Carbohydrate changes in cats emotionally Carbohydrate changes in young cats 
excited by barking dog exposed to cold 
| | | #18] 3 
| | mgm. | mgm. | | | | mgm. | mgm. 
| | done | Sone | | Be, | Fito) | done | | 
13 |10/ 7/31/0.168 | 190 | 58 41 |11/19/310.580.1750.131| 49 | 23 
14 |10/ 7/310.239) 0.427; 196 | 86 45 |11/23/310.68.0.1370.172) 61 | 21 
15 |10/ 7/31/0.265) 0.623) 189 50 46 69 | 28 
18 10/13/31 174 | 7 47 |12/ 4/3110.79.0.122:0.326, 68 | 37 
19 |10/13/31/0.131| 0.232) 175 | 85 48 62 | 24 
20 |10/13/31.0.190 158 | 41 49 |12/ 4/3111.140.1360.166 56 | 40 
21 |10/15/310.260 0.594 94 | 45 63 | 166 
22 |10/15/310.181| 0.596 91 | 48 64 | 2/18/32.0.77,0.260.0. 443 
61 | 2/15/320.189 0.532 164 65 | 2/18/320.91/0. 198 0.267 


2/1 
62 | 2/15/32,.0.321) 0.682) 178 


in carbohydrate values similar to those found in young cats which were 
vigorously exercised: muscle and liver glycogen were much reduced, and 
the blood sugar and lactic acid percentages were increased (table 5). 

Kittens subjected to wetting and exposure to the temperature of the 
cold room showed decreases in muscle and liver glycogen which were very 
similar to those found in kittens after exercise. The blood lactates, how- 
ever, were but slightly changed from the normal level, although the blood 
sugar fell in accord with the falling body temperature of the experimental 
animals (table 6). 

In a series of groundhogs which were amytalized and then subjected to 
a 10-hour exposure to zero temperatures, it was found that the muscle 
and liver glycogen showed 50 per cent reductions from the normal. The 
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blood-glucose readings were diminished by about 25 per cent, while the 
blood lactic acid did not change significantly. 

Normal opossums which were previously placed in a cold room for a 
week, and then sacrificed for tissue and blood analysis, showed in com- 
parison to a control (unexposed) series only a slight reduction in the amount 
of liver glycogen. The muscle glycogen, blood sugar and lactic acid values 
did not change appreciably after exposure to cold. 

The slight excitement and struggling incident to the preliminary with- 
drawal of blood from the peripheral vessels of the pinna of cats were found 
to have only a minor influence on the concentration of blood sugar and 
lactic acid. Blood samples taken immediately before and after stunning 
an animal showed, moreover, very little variation in content: the blood 
sugar rose a few milligrams and the lactic acid only slightly. 

Samples of blood taken from kittens which were made to struggle 
vigorously for a minute or two showed, however, that after excitation the 
blood sugar had increased about 50 per cent over the resting value, while 
the blood lactic acid had risen from 26 to 61 mgm. per cent. Ten minutes 
after exercise the levels had fallen to slightly above normal, and half an 
hour afterwards the normal levels were again reached. Brief protocols 
are given below: 


Cat 26. October 20, 1931, fasting blood sugar, 93 mgm. per cent; lactic acid, 28 
mgm. Immediately after 1 minute of struggling, B.S. 147 mgm., L.A. 75 mgm.; 10 
minutes after, B.S. 128 mgm., L.A. 36 mgm.; 30 minutes after, B.S. 70 mgm., L.A. 32 
mgm. 

Cat 27. October 20, 1931, fasting blood sugar, 95 mgm. per cent; lactic acid, 25 
mgm. Immediately after 1} minutes of struggling, B.S. 118 mgm., L.A. 46 mgm. 
10 minutes after, B.S. 79 mgm., L.A. 32 mgm.; 30 minutes after, B.S. 81 mgm., L.A. 
24 mgm. 


Our results on the effect of muscular exercise on carbohydrate levels 
are in general in keeping with those reported by earlier workers, who have 
used chiefly excised tissues or operated animals. In only a few cases have 
liver, muscle and blood changes in the whole organism such as we have 
considered been investigated. The recent reports of Long (1928) and 
Long and Grant (1930) contain references to the earlier work. The McGill 
investigators used electrical stimulation in their studies on the rat, and 
found that liver and muscle glycogen and also the blood sugar values were 
decreased after artificially inducing muscular activity. 

In the case of vigorous but brief periods of muscular exercise in our 
studies, the glycemic levels have invariably been found to be augmented. 
Dogs which we have run for one or two hours in a treadmill do show, 
nevertheless, considerably reduced sugar values (Eagle and Britton, 1932). 
The latter observations are in line with many which have been made on 
marathon and other runners. The present observations on changes which 
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are effected by emotional responses are supplementary to some earlier 
Geiling and 
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reports (Cannon and Britton, 1927; Britton, 1928; Britton, 


TABLE 7 
Effects on various animals of exposure to cold 


NUMBER CHANGES | ATURE CHANGES | "CHANGES REMARKS 
Cats 
kilos mgm. per cent <. beats per minute 
1 1.60 | 73-85 | 39.3-38.0 270-240 | Recovered 
2 0.76 82- 38 38 .3-30.5 | 180- 64 | Died 
3 0.98 | 76-41 38.4-35.5 192-162 | Recovered 
4 0.75 | 62-48 38.3-22.5 | 188-52 | Recovered 
Groundhogs 
1-A 2.15 148- 63 38.4-35.9 | 260-104 | Recovered 
2-A 1.70 78- 29 35.1-30.0 | 210-30 | Died 
3-A 0.87 160- 32 36.5-17.3 | 210- 22 Died 
4-A 3.13 125- 69 36.4-27.5 | 240-104 Recovered 
5-A 2.47 134-154 38 .8-36.5 | 140-110 Recovered 
6-A 1.93 160-167 38.9-36.5 | 270-160 | Recovered 
7-A 2.87 174-129 36 .8-36.6 | 228-180 | Recovered 
Opossums 
(1.69 96-69 | 34.8-32.2 | 130-80 | Recovered 
2-B | 0.74 | 106- 70 36 .3-36.0 | 210-140 | Recovered 
3-B | 0.72 67- 38 33 .0-13.8 240- 10 | Died 
TABLE 8 
Average carbohydrate levels in animals under various experimental conditions 
NUMBER | i | . BLOOD 
| per cent per cent ~~ | “os 
2 11 | Normal adult cats, fasted | 0.426 1.22 92 | 25 
| 24 hours 
3 9 | Normal young cats (kit- | 0.277 1.90 94 38 
| tens) fasting 18 hours 
4 7 | Young cats exercised to ex- | 0.177 0.249 142 88 
| haustion 
5 10 | Cats emotionally excited | 0.216 | 0.528 | 161 61 
| by barking dog 
6 9 | Young cats exposed to} 0.174 | 0.275 61 | 29 
cold | | 
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Calvery, 1928). The comprehensive studies of the Harvard school (Can- 
non, 1929) demand no elaboration here. 

It is pertinent to emphasize that the influences of emotion on important 
chemical constituents of the body are essentially similar to those which 
are brought about by severe muscular exertion. Both motion and emotion 
result in release to the blood stream and degradation in the tissues of 
energy-supplying substances, and concurrent accumulation of the products 
of tissue oxidation or metabolites. 

In the cooled animal the changes are again similar; except that when 
severe conditions are imposed, or when the animal is apparently overcome 
by the exposure, the blood glucose levels are observed to be greatly de- 
pressed, while the lactates do not accumulate and are perhaps more eco- 
nomically synthesized (table 7). 

The foregoing studies present concretely the carbohydrate changes 
which take place when intact, unoperated animals are subjected to various 
but common experimental exigencies (see table 8). They re-emphasize 
the great lability and yet profound importance of carbohydrate values in 
relation to the immediate well-being of the organism. 


SUMMARY 


The effects of various exhausting conditions on the carbohydrate values 
in normal cats are considered. 

When short periods of vigorous muscular exercise such as swimming are 
undertaken until an animal is fatigued, the muscle and liver stores of 
glycogen suffer depletion, and the blood glucose and lactates are concur- 
rently augmented. 

Profound emotional excitation for a brief period also brings about 
changes in carbohydrate values essentially similar to those observed after 
severe exercise. 

On exposure of animals to cold to the point of inducing slight narcosis, 
reductions commonly occur in blood glucose and lactic acid as well as in 
the liver and muscle glycogen levels. In such cases the body tempera- 
ture and heart rate also are reduced. Maintenance of the blood sugar 
level is invariably associated with maintenance of the body temperature 
within normal limits. 


BIBLIOGRAPHY 


Bouiman, J. L., F.C. MANN anv T. B. Macatua. 1925. This Journal, lxxiv, 238. 
Britton, S. W. 1928. This Journal, lxxxvi, 340. 
Britton, S. W. anp H. Sitverre. 1931. This Journal, xcix, 15. 
1932. This Journal, c, 693, 701. 
Britton, 8S. W., E. M. K. Getting anv H. O. Catvery. 1928. This Journal, 
Ixxxiv, 141. 
Cannon, W. B. anv S. W. Britron. 1927. This Journal, Ixxix, 433. 


THE AMERICAN JOURNAL OF PHYSIOLOGY, VOL. 100, No. 3 


| 


692 H. SILVETTE AND S. W. BRITTON 


Cannon, W. B. 1929. Bodily changes in pain, hunger, fear and rage. New York. 


Eacte, E. anv S. W. Britton. 1932. Science, lxxv, 221. 

Foun, O. anp H. Matmros. 1929. Journ. Biol. Chem., Ixxxiii, 115. 

FRIEDEMANN, T. E., M. Cotronio anp P. A. SHarrer. 1927. Journ. Biol. Chem., 
Ixxiii, 335. 

Lone, C. N. H. 1928. Journ. Biol. Chem., Ixxvii, 563. 

Lona, C.N.H.anp R.Grant. 1930. Journ. Biol. Chem., lxxxix, 553. 

Van Stryke, D. D. 1917. Journ. Biol. Chem., xxxii, 455. 


EFFECTS OF CORTICO-ADRENAL EXTRACT ON CARBO- 
HYDRATE METABOLISM IN NORMAL 
ANIMALS 


S. W. BRITTON anv H. SILVETTE! 
From the Physiological Laboratory of the University of Virginia Medical School 


Received for publication March 24, 1932 


In earlier reports attention has been drawn to the wide influence on the 
organism of the newly-developed hormone-containing extracts of the 
adrenal cortex. The low blood sugar values which occur in adrenalec- 
tomized animals are raised, and the high blood cell volume, non-protein 
nitrogen and lactic acid levels are lowered when the extract is injected. 
The reduced body temperature and pulse readings are concurrently 
brought within normal limits. Glycogen in the liver and in muscle, found 
in adrenal insufficiency to be greatly depleted, is also fully restored (Brit- 
ton and Silvette, 1931, 1932). 

Many of these changes occur also in normal animals. The running 
ability and energy output of unoperated dogs may be greatly increased 
for a period of several days after injection of the extract (Eagle and Britton, 
1932). Induction of precocious sexual maturity in animals (probably by 
the action of a second hormone which appears to be contained in our corti- 
cal extracts) is also of considerable significance (Corey and Britton, 1931, 
1932). Support of the latter observation, it may be mentioned, has al- 
ready been presented (Atwell, 1932). 

Reduction of the high levels of serum calcium and phosphorus found in 
animals with adrenal insufficiency has also been noted. Variations in 
blood cell counts in animals have been observed to follow injection of the 
material. Furthermore, glycolytic effects may apparently be produced 
by the extract in vitro. In various affections in man the blood glucose and 
arterial pressure have been increased, and the blood non-protein nitrogen 
diminished, while the working ability has been markedly improved. (Un- 
published results. ) 

These and other related effects have been established in recent studies 
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on cortico-adrenal extract made according to a slightly modified Swingle- 
Pfiffner method in this laboratory. Some reports by other investigators 
on the influence of the extract, particularly on metabolism, have also 
recently appeared. The profound influence of the preparation on the 
organism is thus becoming more and more apparent. 

In the present investigation earlier leads have been followed in an 
attempt to establish the principal effects of the extract. The influence of 
cortico-adrenal secretion on bodily economy would in this way, it was 
considered, also be indicated. Our observations have lately been concen- 
trated on the effects on carbohydrate metabolism, for many reasons ad- 
vanced in previous reports, and particularly because of the experimental 
results we have obtained in the past few years (Britton, 1930; Britton and 
Silvette, 1931, 1932). 

Normal young male and female rats have been used chiefly in the follow- 
ing series of experiments. Animals weighing between 30 and 60 grams 
were found most responsive to the injections, and their use greatly con- 
served the (still highly-expensive) extract. In many of the experimental 
groups whole litters were used. Numerous experiments were also carried 
out on adult rats and cats. When large doses of extract were employed, 
changes appeared in these animals similar to those in young individuals, 
as will be evident hereafter. A short series of rabbits (nine) has also been 
used by way of comparison. 

All rats were fed alike on a mixed diet. Tests were made after different 
fasting periods (see tables), when water was supplied ad lib.; in one series 
of controls, examination of the tissues of fully-fed animals was carried out. 

The extract was made up in the concentration of 1 cc. per 40 grams of 
fresh whole adrenal glands. Many different batches of extract, proven 
to be effective in abolishing the symptoms of adrenal insufficiency but 
varying somewhat in potency, were used. Usually the material contained 
about 1:2,000,000 adrenalin as tested by the surviving-intestine method. 
In most of our controls, which were performed in each series along with the 
principal experiments, we have therefore employed adrenalin in this con- 
centration, although in some cases we have also tested stronger solutions. 
Saline controls were also carried out. All injections were made intraperi- 
toneally according to body weight. 

In several series of experiments glucose was injected with the extract, 
to determine the effect on glycogen synthesis. Adrenalin and saline- 
glucose controls were run simultaneously. This phase of our investigation 
is being continued. 

The blood sugar method of Folin and Malmros (1929) was used. Gly- 
cogen was determined according to a modification of the Pfliiger technique 
(Silvette and Britton, 1932). Very careful routine procedures were 
adopted in taking all tissue samples. Lactic acid determinations were 
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made in some of the earlier experiments, but the changes in normal animals 
did not appear significant. 

Results are given in the accompanying tables. In the interests of space 
economy, dates, weights, sex and other dispensable data are omitted. It 
will be noted that in the earlier experiments large (total) amounts of extract 
were employed; later it was found that much smaller quantities were effec- 
tive. Different time periods and amounts of extract were considered, in 
order to ascertain the conditions necessary to bring about an optimum 
response. The possibility that the action of the extract on carbohydrate 


TABLE 1 
Carbohydrate levels in normal young rats, 30-60 grams in weight, treated with cortico- 
adrenal extract (Group A), or adrenalin in equal concentration (1: 2,000,000; 
Group B), or normal saline solution (Group C) 
Food removed and six hourly injections, each 1 ec. per 25 grams weight, given 
intraperitoneally. Animals sacrificed 1 hour after sixth injection. 


RAT MUSCLE LIVER BLOOD RAT MUSCLE LIVER BLOOD 
NUMBER GLYCOGEN GLYCOGEN SUGAR NUMBER GLYCOGEN GLYCOGEN SLGAR 
Group A: Extract treated Group B: Adrenalin controls 
percent | percent per cent per cent J 

30 0.312 | 0.840 114 33 0.131 0.261 115 

31 0.282 0.955 168 34 0.151 0.222 85 

32 0.686 0.823 35 0.114 | 0.122 101 

36 0.515 | 0.769 122 39 0.286 | 0.349 93 

37 0.463 | 0.788 | 132 40 0.276 | 0.392 112 

38 0.484 0.945 165 41 0.341 | 0.410 124 

44 0.430 | 0.632 138 

45 0.468 | 0.647 | 126 | Group C: Saline controls 

46 0.530 | 0.723 | 116 ax ar 

47 0.458 | 0.663 111 28 | «60.180 | 0.154 82 
29 0.273 0.492 86 
42 0.247 0.407 68 
43 0.250 0.329 77 


levels in the intact animal might be utilized for biological assay of the 
material was also kept in mind. 

Table 1 reveals that the blood glucose and liver and muscle glycogen 
values are considerably higher in young extract-treated rats than in the 
adrenalin or saline-injected controls. The animals were given six hourly 
injections. 

Slightly larger hourly doses of extract brought about still higher glyco- 
gen and sugar levels (table 2, group A). When other animals were ex- 
amined at different time-periods after the injection of a single dose of ex- 
tract, however, the increments were found to be almost equally great 
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(table 2, group B). In these experiments blood sugar and muscle glyco- 
gen levels appeared to be rather rapidly augmented, and were highest at 
three hours after extract injection, while liver glycogen values reached a 
peak somewhat later—at six hours after extract was given. 

Consistently enhanced glucose and glycogen readings were. also obtained 
when smaller single injections of extract were administered (table 3, 
group A). The use of increasingly large doses in different animals brought 


TABLE 2 
Blood glucose and liver and muscle glycogen levels in unoperated rats under 
various conditions 
Groups Al, A%, A$: Adults, 100-150 grams weight, injected with cortico-adrenal 
extract or adrenalin or saline solution, 5 cc. per 100 grams weight per hour for 6 hours; 
food removed before first injection; animals killed 1 hour after sixth injection. 
Groups B1, B2, B3, B4: Young rats, 30-60 grams weight, fasted 12 hours, then 
given 1.5 cc. extract per 25 grams weight; tissues taken at end of 1}, 3, 44 and 
6 hours respectively. 


RAT MUSCLE | LIVER | BLOOD I RAT MUSCLE LIVER BLOOD 
NUMBER } GLYCOGEN } GLYCOGEN q SUGAR \| NUMBER | GLYCOGEN GLYCOGEN | SUGAR 
Group Al: Extract treated t Group B1: Extract treated 
| per cent per cent per cen | wer cent 
51 | 0.498 | 1.00 | | 57 | 0.398 | 0.782 | 114 
52 | 0.523 | 1.12 | 435 ! 58 | 0.410 0.626 105 
53 | 0.553 | 1.32 200 || — 


Group B2: Extract treated 


Group A2: Adrenalin controls l 


) | 509 | 0.530 | 0.816 | 123 
54 | «(0.136 0.38 124 | 60 | 0.502 | 0.923 | 114 
55 0.234 0.29 131 | 
56 0.46 111 Group B3: Extract treated 
| 
Group A3: Saline controls | 61 | 0.498 | 0.869 118 
; |} 62 | 0.433 | 0.841 | 98 
127 | 0.370 0.34 | 103 | 
128 | 0.413 0.27 | 9 | Group B4: Extract treated 
| | - 
63 | 0.309 | 0.956 | 107 


| | | | 
| | 


64 | 0.479 | 0.887 | 105 


about notably higher blood sugar levels, with no greater accompanying 
augmentation in the glycogen percentages (table 3, group B). It will 
again be observed that in the adrenalin and saline controls the values 
lagged far behind those in the extract experiments. 

Throughout the different series of experiments the glucose and glycogen 
levels after extract injection do not vary considerably, except that after 
the larger dosages somewhat higher values are attained. The extract- 


| 

| 

? 

i 
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treated cases invariably showed much higher readings than the controls. 
The results in the two types of control experiments do not differ greatly, 


TABLE 3 
Carbohydrate values in normal young rats, 30-60 grams weight, under various conditions 
Groups Al, A2, A3: Three hours after food removed, animals injected with extract, 
adrenalin and saline solution, 1 cc. per 25 grams weight; sacrificed 3 hours later. 
Groups B1, B2, B3: Fasted 4 hours, injected with different amount of extract, or 
adrenalin or saline; tissues taken one hour after injections given. 


RAT MUSCLE LIVER BLOOD RAT watentaL|_ MUSCLE LIVER BLOOD 
NUMBER GLYCOGEN | GLYCOGEN SUGAR NUMBER GIVEN GLYCOGEN GLYCOGEN SUGAR 


Group Al: Extract treated Group B1: Extract treated 


t t mgm. per post et t mgm. per 
| per cen per cen | cont at y | per cen per cen 
98 | 0.590 | 1.02 | 106 106 | 4 | 0.450) 1.12 | 141 
99 | 0.530 | 1.00 | 118 107 4 0.430 | 1.41 120 
100 | | 0.82 | 110 108 | 12 | 0.407 | 1.29 | 210 
101 0.660 | 0.99 114 109 12 | 0.570 | 1.36 | 182 
1022 | 0.550 | 1.12 123 110 | 16 | 0.552 | 1.38 | 197 


————— lll | 16 0.500 | 0.95 181 
Group A2: Adrenalin controls a 
i 7 Group B2: Adrenalin controls 


103 | 0.369 | 0.23 | 86 | a - 
104 | «(0.295 0.26 | 90 112 12 0.268 | 0.29 141 
105 0.341 0.31 | 0.266 0.31 | 151 
Group A3: Saline controls Group B3: Saline controls 
125 0.310 | 0.21 82 || 123 12 | 0.325 | 0.36 | 91 
126 0.284 0.21 86 || 124 12 0.315 0.43 | 94 
TABLE 4 


RAT NUMBER MUSCLE GLYCOGEN | LIVER GLYCOGEN BLOOD 8UGAR 
per cent per cent mgm. per cent 
130 0.487 1.20 113 
131 0.501 | 1.08 124 
132 0.496 1.08 | 102 
133 | 0.468 | 1.04 | 106 
134 | 0.363 | 0.73 | 105 


135 0.483 | 1.18 128 


except that in the adrenalin-injected cases slightly higher blood sugar and 
lower muscle glycogen values were observed. The average figures covering 
all the experiments performed are given in table 6 (see also figure 1). 


| 

| 

| 

é Blood glucose and liver and muscle glycogen levels in normal (uninjected) fully-fed rats 
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The effects of the extract on normal young rabbits (see tables 5 and 6) 
and on cats were essentially similar to those observed on rats. 

The changes in liver glycogen would appear to us at the present time to 
give the most emphatic indication of the potency of cortico-adrenal ex- 
tracts. When injected intraperitoneally into three-hour fasting young 
rats of approximately 50 grams in weight, 1 cc. of extract (equivalent to 
40 grams of whole adrenal glands) per 25 grams body weight should raise 
the liver glycogen approximately to 1 per cent within a period of two 
hours. This represents the simplest biological test of the material we 


GLYCOGEN AND GLUCOSE LEVELS IN ANIMALS 
UNDER VARIOUS CONDITIONS. 
Uninjected, 


Saline - Injected Extract-Treated, |Adrenalin- Injected 
Fasting Fasting. Fasting 


Contro/s. Controls. 


Blood sugar, 
Mg 


l=Muscle Glycogen Liver Glycogen Blood Sugar. 


Fig. 1 


have devised, although further tests on excised tissues which are now 
in progress offer considerable promise. It appears superior and far more 
economical of time and extract than tests involving restoration of adrenal- 
ectomized animals suffering with symptoms of insufficiency. 

The origin of the increased amounts of glucose and glycogen which are 
found in the tissues after extract injection is of intriguing importance. It 
is to be remembered that the immature rats used in the above experiments 
were usually fasted for six or twelve hours before being sacrificed. At the 
end of such periods the upper gastro-intestinal tract in these very small 
animals was usually empty. More puzzling was the fact that adrenalec- 
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tomized cats which had refused to take food for 24 to 48 hours also showed 
greatly augmented glucose and glycogen values after treatment with the 


extract (see following paper). 


The relatively small decreases which occur 


TABLE 5 


Carbohydrate values in normal young rabbits of 500-800 grams body weight 
Animals starved 17 hours; injected with 3 cc. of extract, or adrenalin (1:2,000,000), 
or normal saline, per 100 grams body weight; killed 3 hours after injection. 


| 
RABBIT NUMBER | MATERIAL INJECTED | 


MUSCLE GLYCOGEN | LIVER GLYCOGEN BLOOD SUGAR 


Average levels of glucose and glycogen in different experimental groups 


| 

| per cent | per cent mgm. per cent 
1 Saline 0.413 0.337 102 
3 Saline 0.406 0.323 105 
3 Adrenalin | 0.314 0.303 121 
4 Adrenalin 0.312 0.317 126 
5 Extract 0.441 0.937 127 
6 Extract | 0.445 0.953 132 
7 Extract 0.488 0.766 134 
8 Extract | 0.412 0.870 143 
9 Extract 0.330 0.896 129 

TABLE 6 


| | 
OF MUSCLE LIVER | BLOOD 
MATERIAL TABLES GLYCOGEN |GLYCOGEN| SUGAR 
| AVERAGED 
| USED 
Rats 


per cent per cent pooh 
1 10 0.463 | 0.78 | 132 
/1,2,3| 32 | 0.489 | 0.95 | 144 
1,2,3] 14 0.246 | 0.31 | 110 
12,3; 10 0.297 | 0.32 | 87 
| 4 


| 6 | 0.466 | 1.05 113 


Rabbits 
x 5 | 0.427! 0.89 | 133 
| 5 | 2 | 0.313 | O.31 | 124 
| 5 2 | 0.410 | 0.33 | 104 


in blood lactates do not appear to be of particular significance, and other 
possible explanations are now being investigated. 

Cortico-adrenal extract and hence by analogy the secretion of the ad- 
renal cortex are thus shown to be of undoubted and far-reaching importance 


— 
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in the regulation of carbohydrate metabolism. A discussion of the fore- 
going and other related and confirmatory observations appears in the 
following paper. 


SUMMARY 


Extracts of the adrenal cortex of proven potency have a marked influ- 
ence on carbohydrate metabolism in normal animals (cats, rats, rabbits). 

Young animals are particularly responsive subjects. In them the blood 
glucose and liver and muscle glycogen values are considerably elevated 
within an hour after injection of the extract. Six hours after injection 
(in rats) the levels are still maintained higher than in controls treated with 
adrenalin or saline solutions. 

Storage of glycogen in the liver after extract treatment is enhanced 
three to five times above that found in. the controls. This appears to 
represent a highly important function of the cortico-adrenal hormone. 

Large amounts of dilute adrenalin solution (1:2,000,000), given intra- 
peritoneally to young rats, produced increases in blood sugar and reduc- 
tions in muscle glycogen. Liver glycogen was also in many cases reduced. 

The increments in hepatic glycogen produced by the extract form the 
basis of a relatively simple and economical means of testing the potency 
of the material. 
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Although the adrenal glands were brought forcefully to the attention of 
medical men about eighty years ago (Addison, 1855), and much speculation 
and patient inquiry have been devoted to them since that time, their 
functional significance has not yet been fully disclosed. Mass attacks by 
recent investigators have nevertheless circumscribed the adrenal problem 
more precisely, and accumulating evidence indicates the direction in 
which solution of the enigma may be found. Results which have been 
secured in this laboratory appear to justify at this time a consideration 
of the chief function of the adrenal tissues. 

The Harvard school of workers have in the past decade presented a 
volume of reports on the activities of the adrenal medulla, and almost 
universal support of their findings has been forthcoming (Cannon, 1929). 
The emergency theory of adrenal function which has been put forward 
offers an admirable interpretation of the mode of medulliadrenal activity, 
and it appears now to be established. But knowledge of cortical function 
has been shrouded in conjecture up to the present time. That the cortex 
in contrast to the medulla is of premier importance in bodily economy has 
nevertheless been long appreciated. The fatal outcome which is observed 
a few days after adrenal extirpation is due specifically to cortical loss; 
furthermore, removal of the medulla along with other chromaphil (para- 
gangliar) tissues in the body does not result in death (see review, Britton, 
1930). 

Preliminary results of experiments on the nature of cortico-adrenal 
activity which were begun here about three years ago suggested an im- 
portant relationship to the metabolism of carbohydrates, and further 


experiments have strongly supported this idea (Britton et al., 1931). 


1 Reported at a meeting of the Virginia Medical] Society, University of Virginia, 
January 18, 1932. 
2 Porter Fellow of the American Physiological Society. 
Grateful acknowledgment is made of aid received in this investigation from the 
Grants-in-aid Committee of the National Research Council. 
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Testimony to the profound and possibly primary involvement of the ad- 
renal cortex in the regulation of carbohydrate metabolism is now presented. 

Metuops. Studies have been made on liver and muscle glycogen, 
blood sugar and lactic acid values in a, untreated; b, extract-treated; c 
adrenalin-injected, and d, glucose-injected adrenalectomized cats. An 


TABLE 1 
Conditions in adrenalectomized animals showing symptoms within 48 hours of operation 


CAT NUM- DATE SURVIVAL CONDITION OF ANI- MUSCLE LIVER BLOOD 
BER OPERATED | PERIOD MAL WHEN KILLED GLYCOGEN GLYCOGEN SUGAR 


mgm. mgm 


| hours | percent per cent percent | percent 


| 


254 | 39 28 
121 55 | 17 
133 | | 37 
179 | 43 | 48 
188 | 14 
130 
142 | 
294 


| 11/24/31 | 19 Very weak | 0.223 
| 12/ 5/31 | 48 In convulsions | 0.380 
| 12/ 5/31 | 47 | Weak | 0.358 
| 12/7/31} 18 | Prostrated 0.194 
1/ 4/32 | 26 In convulsions | 0.444 
1/13/32 | 47 | In convulsions | 0.547 
1/14/32 24 Prostrated | 0.470 
1/25/32 | 38 | Prostrated | 0.122 
2/ 2/32 | 18 | In convulsions | 0.470 225 
2/ 3/32 28 | Very weak | 0.315 253 


| 
| 
| 
| 
| 


TABLE 2 


Conditions in untreated adrenalectomized cats showing symptoms of insufficiency 2-8 
days after operation 


| | 
CAT DATE CONDITION OF ANIMAL | MUSCLE | LIVER BLOOD LACTIC 


NUMBER OPERATED | WHEN KILLED | GLYCOGEN | GLYCOGEN SUGAR ACID 


| 
mgm. | mgm. 


| 
n er cen 
percent | P ent per cent per cent 


‘27/31 | Moderately weak | 0.268 | 0.095 55 38 
‘28/31 | In extremis | 0.195 | 0.091 | 36 
/25/31 | Weak 0.061 60 

9/26/31 | Prostrated 0.067 | 46 

10/ 2/31 | Very weak 0.261 0.039 
/ 3/31 | Weak | 0.198 0.043 
/ 2/31 | Very weak | 0.184 0.037 
' 3/31 | Moderately weak | 0.231 0.048 

8/31 | In convulsions 0.189 | 0.084 | 33 
8/31 | In convulsions 0.140 | 0.106 | 32 


extended series of control experiments, has also been carried out on un- 
operated animals. Two groups of experiments were also performed on 
adrenalectomized rats. 

In the untreated series (cats) different degrees of adrenal insufficiency 
were allowed to develop, as noted in tables 1 and 2, before the animals were 
sacrificed by stunning and the tissues analyzed. Similarly in the extract- 
treated cases, insufficiency symptoms were first allowed to set in (tables 


ACID 
685 
701 
702 
703 
709 
710 
711 
713 
717 | | 51 
720 | 49 
| | 
605 | 
606 | 
626 | 
627 | 
629 | 
631 | 
632 
633 
639 
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3 and 4), and thereafter the injections were started. Indications of in- 
sufficiency (refusal of food, weakness, prostration, convulsions) were 
generally observed from two to six days after adrenal removal by the one- 
stage operation. Their appearance indicated that a thorough operation 
had been performed, although necropsy was carried out when this seemed 


TABLE 3 
Carbohydrate values in adrenalectomized cats partially restored with cortico- 
adrenal extract 


The animals showed general recovery but did not eat after extract was given. 


MUSCLE LIVER 
CAT NUMBER DATE KILLED GLYCOGEN GLYCOGEN BLOOD GAR LACTIC ACID 


per cent per cent 


648 10/23/31 0.539 0.187 
653 | 10/30/31 0.359 0.409 
661 10/30/31 0.600 0.489 
662 | 10/30/31 0.503 0.250 
665 | 11/1/31 | 0.469 0.324 
666 11/17/31 0.323 0.385 


TABLE 4 
Carbohydrate values in adrenalectomized cats completely restored with cortico- 
adrenal extract 


In all cases the animals attempted to take food after recovery. 


MUSCLE LIVER 
GLYCOGEN GLYCOGEN 


CAT NUMBER DATE KILLED BLOOD SUGAR LACTIC ACID 


per cent mgm. per cent mgm. per cent 

683* 16/31 1.13 93 24 
684* 17/31 | 37: 1.53 73 28 
704 15/31 66 103 

705 16/31 25 106 

706* | 12/17/31 78 97 

707 | 24/31 43 112 

712 22/32 | 52 142 

714 /28/32 | 64 

715 31/32 | 71 88 

716 31/32 59 82 

718 4/32 82 100 


722 5/32 81 117 


> 


* Cat ate about 5 grams of salmon before it was killed. 


necessary. Different amounts of extract were administered, usually from 
20 to 50 cc. in 12 to 48 hours, according to the severity of the symptoms 
noted in each case. 

The extract of the adrenal cortex used was prepared in this laboratory 
according to a modified Swingle-Pfiffner method (Britton and Silvette, 


86 41 
112 36 
109 31 
86 39 
86 36 
95 30 
| 
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1931); this extract had previously been found to be potent in cases of 
complete adrenal insufficiency. One cubic centimeter of the material 
was equivalent to 40 grams of fresh whole adrenal glands. Recovery was 
well established in one or two days after starting extract treatment, al- 
though there were often signs of improvement within a few hours. In 
one group the disappearance of general symptoms alone was taken as 
indicative of recovery (table 3); in a second series the restoration of normal 
vigor and a definite disposition to take food were the significant criteria 
used (table 4). In the two series the animals were thus killed at different 
stages, and the tissues immediately taken for analysis. 

Determinations of adrenalin and glucose effects were made on cats 
observed from two to four days after removal of the adrenals. The animals 
were apparently in good condition at this time. Adrenalin was given in 
dilution (1:2,000,000) equal to that found in the cortico-adrenal extract 
employed in series b, and alsoin similaramount. Different doses of glucose 
were also tested—usually from 30 to 50 ce. of a 5 or 10 per cent solution. 

In all cases injections were given intraperitoneally in the present investi- 
gation, although the extract has been proved effective by mouth when 
given in large amounts (Britton, Flippin, and Silvette, 1931). The blood 
sugar method of Folin and Malmros (1929) and the lactic acid method of 
Friedemann, Cotonio and Shaffer (1927) were used. Determinations of 
liver and muscle glycogen were made according to a modification of 
Pfliiger’s method as described in the preceding paper (Silvette and Britton, 
1932). Duly careful precautions were observed in removing all tissues; 
it was moreover first established that a standardized, rapid procedure 
allowed comparable determinations to be carried out. 

Resu ts (cats). Adrenalectomized animals were observed to suffer pro- 
gressively severe derangements in carbohydrate metabolism following the 
operation (tables 1 and 2). The glucose in the blood and the glycogen in 
the liver became profoundly reduced, the latter sometimes to almost the 
disappearing point; even when the animals showed typical symptoms of 
adrenal insufficiency as early as 18 to 48 hours after operation, there were 
found considerable reductions below the normal levels. Muscle glycogen 
was also greatly diminished, while the blood lactates were somewhat 
increased. 

The carbohydrate changes which we observed may be considered as 
revolutionary enough in themselves to bring about death of the animals. 
The reductions which occurred in the blood sugar (commonly to the con- 
vulsive level) and hepatic glycogen appear to be of greatest importance. 
Significantly, however, the glycogen content of heart muscle was found in 
several cases to be unaffected. 

The administration of extract of the adrenal cortex to animals with 
symptoms of adrenal insufficiency produced a remarkably reversed picture 
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of that noted above. The liver and muscle glycogen and blood sugar 
levels were found to be increased, and the lactic acid values were con- 
currently decreased, to the normal limits (tables 3 and 4). The chemical 
changes took place in coincidence with the return of the animal to normal 
activity. In adrenalectomized animals which were obviously in a terminal 
dying condition, and which were undoubtedly suffering in a crucial degree 
from carbohydrate depletion, restoration of normal values was brought 
about by the extract (fig. 1). 

It will be noted that the foregoing observations were made under various 
conditions on different series of animals. This was found necessary 
because of the inherent difficulties of operating on adrenalectomized 


CARBOHYDRATE LEVELS AFTER ADRENALECTOMY 
AND EXTRACT TREATMENT. 


MuscleG lycogen Liver Glycogen Blood Sugar Blood Lactic 
Acid 


Fig. 1. X, Carbohydrate levels in normal cats; / and 2, in adrenalectomized ani- 
mals showing symptoms of insufficiency; 3 and 4, after partial and complete restora- 
tion by extract (see text and table 6). 


animals when symptoms were present. In a series of eight cases of adrenal 
insufficiency, however, tissue samples were taken for analysis when the 
animals were comatose, and attempts then made to restore them with 
cortical extract. Small amounts of ether or amytal were borne very poorly 
by such animals, and it was considered that the anesthetic probably 
vitiated the results. Administration of large amounts of extract never- 
theless brought about recovery in some instances, i.e., after operation 
under ether, the dissection of muscle and liver samples, and withdrawal 
of about 3 cc. of blood from the heart. In these cases there occurred 
moderate glucose and glycogen increases. 

It was significant, in those animals in which partial recovery only (dis- 
appearance of general symptoms of weakness, but no manifest return of 
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a keen interest in food) had been brought about, that there also occurred 
considerable increases in the blood sugar to the normal levels (table 3). 
Such increases took place in other experiments, indeed, within two to four 
hours after the extract had been administered (Britton and Silvette, 1931). 
The correlated increments in muscle and liver glycogen were also of notable 
extent. 

It should be observed that the carbohydrate changes following extract 
injection were brought about in animals which had been in the fasting 
(anorexic) condition for 24 to 48 hours. Except in the three cases noted 
(table 4), in which a few grams of canned salmon were eaten, no food was 
allowed to be ingested by the animals after extract had been given. Food 
was presented to the animals merely as one of the tests of recovery. 

Results in adrenalectomized rats. The following condensed protocol is 
indicative of the results obtained with cortico-adrenal extract on adre- 
nalectomized rats: 


Rats 114, 115, 116. 

February 29, 1932, both adrenals excised, all cases. 

March 9, animals appear well; food removed 4 p.m. 

March 10, 1 p.m., gave 6 cc. per 100 grams body weight, of extract 117, to rats 114 
and 115; gave 6 cc. saline per 100 grams to rat 116. 

At 4 p.m., rats killed and blood and tissues taken for analysis. 

Results: 


RAT NUMBER | MATERIAL INJECTED | MUSCLE GLYCOGEN | LIVER GLYCOGEN | BLOOD SUGAR 
| 


Extract 0.420 0.643 131 
Extract 0.510 0.871 107 
Adrenalin 0.148 0.295 90 


114 
115 
116 


per cent per cent mgm. per cent 


In a further series of 24-hour fasted rats, adrenalectomized six days 
previously, the liver glycogen values were: 


Extract-treated animals (6 cases)—4.74, 2.32, 1.34, 0.81, 0.64 and 0.54 per cent; 
adrenalin-injected (2 cases)—0.17, 0.18 per cent. 


Effects of adrenalin and glucose. It is true that practically all our cortical 
extracts (and we have now made over 120 batches of 100 to 200 cc. each) 
give evidence that they contain adrenalin in small quantities. Although 
chiefly or primarily it promotes glycogenolysis in tissues, adrenalin is 
considered by some investigators to bring about in some way, possibly 
indirectly, an augmentation in liver glycogen (Cori, 1931). We have not 
found the latter true in our own experiments. Adrenalin does not, further- 
more, restore adrenalectomized animals; it may bring about a slight, 
temporary amelioration of the symptoms which supervene after operation 
(Britton and Silvette, 1931). Animals with adrenal insufficiency which 
were given adrenalin in similar dosage and dilution to that found in cortico- 
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adrenal extract, and sacrificed from 1 to 10 hours afterward, showed only 
slightly higher levels of blood glucose and liver glycogen than those in 
the untreated series showing insufficiency symptoms (table 5-A). The 
muscle glycogen levels were observed to be somewhat higher than in the 
untreated cases. The effects were not at all comparable in magnitude to 
those observed after cortical extract administration. 

The temporary restorative effect of glucose on adrenal insufficiency has 
been noted in our earlier papers (Britton, 1930; Britton and Silvette, 1931). 
Such restoration is accompanied by greatly augmented blood glucose 


TABLE 5 
Conditions in adrenalectomized, symptomless animals treated with adrenalin or glucose 
2-4 days after operation, and in normal glucose-treated controls 


CAT MUSCLE LIVER BLOOD LACTI 
EXPERIMENTAL CONDITIONS DATE GLYCO- GLYCO- 
NUMBER GEN GEN SUGAR ACID 


mgm. mgm 
per cent | per cen 


666 | 11/ 6/31 | 0.462 | 0.215 46 21 


per cent | per cent 


A. Adrenalectomized; adre- 667 6/31 | | 0.2122; | 
‘| 668 | 11/ 6/31 | 0.314 0.276 | 53 36 
Pore ee 669 | 11/ 9/31 | 0.391 | 0.231 50 33 


| 0.400 | 0.217 


B. Adrenalectomized; glucose | 2/81 | 0.208 | 0.600 
— . mi 4} 689 | 12/ 2/31 0.342 | 0.154 274 - 
2 | 12/ 2/31 | 0.304 | 0.165 | 278 
7 0.498 


11/30/31 | 0.301 | 2.72 
694 11/30/31 | 0.450 | 1.945 73 21 
C. Normal controls; glucose || 695 | 12/ 3/31 | 0.514 | 2.215 81 30 
696 12/ 3/31 | 0.344 | 3.41 101 28 
697 12/ 9/31 | 0.280 | 1.31 218 ° 
698 12/ 9/31 | 0.309 | 1.19 250 . 


* Determinations vitiated by large amounts of glucose present in blood samples. 


levels, as well as small increases in muscle glycogen. The ability of adre- 
nalectomized animals to store liver glycogen under heavy glucose dosage is 
nevertheless observed to be greatly reduced; normal animals treated 
similarly with glucose stored in contrast from eight to ten times as much. 
Furthermore, adrenalectomized animals treated with extract, but without 
glucose, built up from four to five times the amount of liver glycogen 
stored by similar experimental animals which were given glucose without 
extract (tables 5 and 6). ; 
Effects on carbohydrate metabolism of various operative procedures. Yor 


680 | 11/18/31 64 18 
682 11/19/31 295 a 
il 
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purposes of comparison we have made analyses of the glycogen and blood 
sugar values in a small number of pancreatectomized (diabetic) and func- 
tionally hepatectomized animals. The effects of adrenalectomy on dia- 
betic animals have also been noted. . 

Completely pancreatectomized cats showed blood sugar levels of about 
200 to 300 mgm. per 100 cc. within a few days after operation (sometimes 
they reached 600 mgm.), and there was a considerable associated loss of 
body weight. When the animals were very weak and emaciated, a week 
or ten days after operation, they were sacrificed and their tissues analyzed. 
Liver glycogens were found to be about 400 mgm. and muscle glycogens 
about 450 mgm. per 100 grams of tissue. 


TABLE 6 
Average carbohydrate levels in animals under different experimental conditions 


STABLE CONDITIONS | | Buoop | tactic 
| per cent per cent on 
x* 11 | Normal, fasting 24hours | 0.426 | 1.22 | 92 | 25 
1 | 10 | Adrenalectomized, symp- | 0.352 | 0.192 | 48 39 
toms within 48 hours | | 
2 | 10 | Adrenalectomized, symp-/| 0.208 | 0.067 | 44 | 35 
| toms in 2-6 days 
3 6 | Adrenalectomized, partly re- | 0.466 | 0.341 96 | 37 
| stored 
4 12 | Adrenalectomized, restored | 0.530 | 0.990 | 98 | 27 
by extract 
5-A 5 | Adrenalectomized, symp- | 0.392 | 0.230 | 51 31 
| toms, adrenalin injected | | 
5-B 5 | Adrenalectomized, symp- | 0.385 | 0.275 | 266 
toms, glucose treated | 
5-C 6 | Unoperated, glucose treated | 0.366 | 2.13 | 137 2 


o 


* See table 2, Silvette and Britton, 1932. 


Removal of the adrenals from completely diabetic animals resulted 
notably in an early and marked fall in the blood-sugar level. The liver 
and muscle glycogen values were lower than in those cases of pancreatec- 
tomy alone. Pancreatico-adrenal relationships are now being further 
investigated. 

In six young cats, blood sugar and muscle glycogen samples were taken 
under ether, and the liver was then practically excluded from the circula- 
tion by tying off the vessels in the hepatic pedicle (three cases) and also 
the abdominal aorta and vena cava (three cases). When the animals were 
observed to be prostrated within a few hours after operation, they were 
killed and examined. The muscle glycogen levels were found to have been 
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reduced to 150 to 250 mgm. per cent, while the blood samples sometimes 
showed hypoglycemic values. 

In pancreatectomy and in (functional) hepatectomy, therefore, the 
carbohydrate values were no more severely affected than in cases of adrenal 
insufficiency. 

The development of adrenal insufficiency and recovery by cortical extract. 
We have found the following conditions to be characteristic of experi- 
mental adrenal insufficiency: General symptoms—loss of weight, refusal 
of food, weakness, prostration, convulsions; decreases in body temperature, 
blood sugar, liver and muscle glycogen; increases in blood concentration, 
blood lactic acid and non-protein nitrogen, and serum calcium and phos- 
phorus. The recovery of prostrate adrenalectomized animals with cortico- 
adrenal extract, though obviously gradual and progressive, may well be 
divided according to our observations into two phases as follows: 


Earliest signs of recovery 
Disappearance of insufficiency symptoms 
Increase in blood sugar 
Increase in body temperature 
Decrease in blood concentration 

Secondary signs of recovery 
Increase in liver glycogen 
Increase in muscle glycogen 
Decrease in blood lactic acid 
Decrease in blood non-protein nitrogen 
Decrease in serum calcium 
Decrease in serum phosphorus 
Reappearance of normal appetite 
Gain in weight 


In earlier papers we have reported on changes in blood cell volume and 
non-protein nitrogen in adrenal insufficiency and after extract administra- 
tion. Recently we have also followed the variations in blood cell counts, 
and in serum calcium and phosphorus. None of these changes appears to 
us at present, however, to be of primary importance in connection with 
cortico-adrenal function. Rather the profound carbohydrate changes 
appear to be of the greatest significance. 

Discussion. Investigators at Princeton and Johns Hopkins (Harrop 
et al., 1931) have attributed considerable importance to the marked changes 
in renal secretion which follow adrenalectomy, and the amelioration which 
is brought about by the administration of cortico-adrenal extract. The 
augmentation of blood urea in adrenal insufficiency, and the reduction 
effected by the extract, are also believed by them to be of outstanding 
significance. In a previous report (Britton and Silvette, 1931) we have 
pointed out that such effects are probably indirect or secondary to more 
fundamental changes. 
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It can hardly be considered that the accumulation of unutilizable pro- 
tein end-products in the body, or the diminution in kidney secretion, 
represent pre-eminently critical conditions in adrenal insufficiency. Nor 
can it be reasonably entertained that the precocious sexual developments 
which we have observed to be brought about by cortical extract (Corey 
and Britton, 1931), interestingly significant though they may be, reflect 
the primary activity of the adrenal cortex. That the effects on the sexual 
organs probably indicate the activity of a hormone of a second-class order 
which is present in the crude extract has been postulated. 

The activities of many of the glands of internal secretion appear to be 
more or less intimately connected with carbohydrate metabolism. In the 
case of the pancreas as well as the adrenals this is particularly true. Sub- 
stances derived from these organs may bring about extraordinary shifts in 
carbohydrate balance in the organism. In an excellent article by Cori 
(1931) the emphasis is thrown almost equally on insulin and adrenalin 
as factors in regulating carbohydrate metabolism. That the cortex of 
the adrenal glands may be specifically concerned with the storage and 
utilization of carbohydrates in the body was foreshadowed by one of us 
in a recent review (Britton, 1930). 

About twenty years ago Bied] (1913) concluded from collected data that 
the adrenals were related to carbohydrate metabolism. From table 7 it 
will be observed that many investigators have noted diminutions in blood 
sugar and liver glycogen (checked v) in different animals following 
adrenalectomy. After rather extensive blood-chemical analyses, Swingle 
(1927) concluded that death after adrenal removal may possibly be due 
to either of two causes, hypoglycemia (first) or acid intoxication. Ro- 
goff and Stewart (1918, 1926) have vigorously contended, however, that 
the fall in blood sugar is related to the terminal symptoms of insufficiency. 
That the glycemic changes are terminal expressions has also been main- 
tained by Banting and Gairns (1926). 

It is apparent from our own experiments that progressively severe reduc- 
tions in the blood glucose and liver glycogen levels occur in adrenalecto- 
mized, untreated animals. Muscle glycogen is also considerably reduced, 
while the blood lactates are increased. Such changes do not follow when 
the adrenal medulla alone is extirpated. Many weeks after medulliadre- 
nalectomy, indeed, the blood glucose and the liver and muscle glycogen 
percentages may be quite normal (Britton, Geiling and Calvery, 1928). 

It is to be noted also in comparison that even in the severest exhausting 
conditions, and in inanition and exposure of animals to cold, in death from 
insulin or strychnine convulsions and even in experimental diabetes, the 

hepatic and muscle glycogen values are not often reduced beyond the 
low levels which we have observed in adrenalectomized animals. More- 
over, the muscle glycogen and blood glucose in cases of hepatectomy are 
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not depleted more thoroughly than in animals showing more or less severe 
symptoms of adrenal insufficiency. And in hepatectomy (Bollman, Mann 
and Magath, 1925) as well as in pancreatectomy death is admitted to be 
due primarily to carbohydrate deficiencies (see also Chaikoff, 1927). 
Animals which are dying from pancreatectomy or from parathyroidec- 
tomy may be restored by hormone-containing extracts of the respective 
glands. Thus the evidence points to the conclusion and it is generally 
recognized that insulin and parathyroid extract are primarily regulators of 
carbohydrate and calcium balance respectively in the organism. The 
experiments now cited offer proof that animals dying after adrenal extir- 


TABLE 7 
Investigations by various authors on adrenalectomized animals 
Diminutions in blood glucose and liver glycogen were observed as indicated by 
check mark (+/). 


BLOOD LIVER 


AUTHOR DATE a SUGAR DE-| GLYCOGEN 

CREASED (DECREASED 
Bierry and 1908 Dogs J/ 
Houssay and Artundo...................| 1929 | Rats ° V/ 
Women amd Walmer. 1929 | Rats 
/ * 


In the starred (*) cases no analyses were reported. Muscle glycogen was found 
by a few authors to be reduced. 


pation show profoundly reduced carbohydrate levels, quite sufficient indeed 
to produce death; and also that the hormone-containing extract of the 
adrenal cortex brings about ready restoration through its effect in raising 
notably the blood glucose and liver glycogen. In normal animals, too, 
cortical extract induces very considerable increments in carbohydrate 
values. 

It would thus appear that the adrenal cortex is indispensably important 
in maintaining, in codperation with other organs, the normal metabolism 
of carbohydrates in the body. The evidence indicates that this represents 
the principal function of the cortico-adrenal tissues. The results appear 
significant in view of the severe myasthenic condition found in Addison’s 


= 
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disease, and also in relation to the recently observed effects of cortico- 
adrenal extract in stimulating energy output (Eagle and Britton, 1932). 


SUMMARY 


The effects of adrenalectomy on carbohydrate metabolism are profound 
.in character and appear to be primarily responsible for death of the animal. 

Blood glucose and liver glycogen are chiefly affected; these show marked 
reductions from the normal levels. There are also associated decreases 
in muscle glycogen, and increases in blood lactates. The glycogen of heart 
muscle is not reduced. 

In pancreatectomized and in hepatectomized animals, carbohydrate 
metabolism is affected in no more critical degree than in cases of experi- 
mental adrenal insufficiency. 

The glycogenic and glycemic changes which occur after complete adre- 
nalectomy are not observed in cases of extirpation of the adrenal medulla 
alone. 

Administration of cortico-adrenal extract brings about recovery of 
animals which are in the terminal stages of insufficiency, apparently 
through initial restoration of normal carbohydrate values. Increments 
in circulating sugar to the normal or even to hyperglycemic levels occur 
early after extract injection and are invariably associated with the disap- 
pearance of insufficiency symptoms. There are also correlated and strik- 
ing increases in liver glycogen. These conditions appear to be of primary 
importance in effecting recovery. Restoration is completed with the 
re-establishment of muscle glycogen values and the diminution of blood 
lactic acid. 

Cortico-adrenal extract increases the blood sugar and the liver and 
muscle glycogen values in normal (particularly young) animals (see pre- 
ceding paper). 

None of the results are produced by the small amount of adrenalin 
(1:2,000,000) contained in the extract. 

Completely adrenalectomized animals show a markedly reduced ability 
to store liver glycogen. Normal individuals which were injected with 
glucose store from eight to ten times as much glycogen as operated animals. 

In the light of present as well as earlier evidence from this laboratory, 
it is indicated that the cortico-adrenal tissues and their pertinent hormone 
as contained in our extracts are primarily concerned (in conjunction ad- 
mittedly with other secretions) in the maintenance of normal glucose and 
glycogen levels in the body. Since the cortex represents that part of the 
organs which is pre-eminently essential to life, the conclusion is derived 
that the regulation of carbohydrate metabolism may be considered as the 
prepotent function of the adrenal glands. 
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